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SUMMARY
In  th e  l a s t  tw en ty  y e a rs  R e v e v s ib le  Shcqpe-Memovy (RSM) a l lo y s  have become 
th e  so u rce  o f c o n s id e ra b le  te c h n o lo g ic a l  i n t e r e s t  as a r e s u l t  o f t h e i r  
a b i l i t y  to  g e n e ra te  spon taneous and r e v e r s ib l e  changes o f shape on 
th e rm al c y c l in g .  T h is  has l e d  to  th e  developm ent o f a  ran g e  o f 
r e v e r s ib l e  shape-memory d e v ic e s  fo r  th e rm o s ta t ic  se n s in g  a p p l i c a t io n s .
In  th e s e  d e v ic e s  th e  a l lo y  i s  s u b je c te d  to  s e v e ra l  thousand  shape-memory 
c y c le s  and th e  s t a b i l i t y  o f th e  r e v e r s ib l e  shape-memory i s  th e r e f o r e  an 
im p o rta n t a l lo y  p ro p e r ty .  D ata on th e  e f f e c t  o f  shape-memory c y c l in g  on 
th e  lo n g -te rm  s t a b i l i t y  o f  th e  r e v e r s ib l e  shape-memory, how ever, i s  
ex tre m ely  l im i te d .
The p re s e n t  w ork, conducted  to  f i l l  t h i s  gap, has shown t h a t  th e r e  i s  an 
in h e re n t  i n s t a b i l i t y  in  th e  r e v e r s ib l e  shape-memory, w ith  changes in  th e  
o p e ra t in g  te m p e ra tu re s  and cu m u la tiv e  re d u c t io n s  in  th e  maximum s h a p e - s t r a in  
o u tp u t o f a c tu a to r s  on lo n g -te rm  th e rm a l c y c l in g  under c o n d it io n s  
s im u la tin g  r e a l  d e v ic e s .  E x te n s iv e  in v e s t ig a t io n  has shown t h a t  th e s e  
i n s t a b i l i t i e s  r e s u l t  from  a number o f s o u rc e s , ag e in g  o f  th e  shape-memory 
m a r te n s i te s  and m ost im p o r ta n tly  from  m o rp h o lo g ica l d is r u p t io n s  in  th e  
" t r a in e d 1’ m a r te n s i te s  caused  by tw o -s ta g e  s t r e s s - in d u c e d  tr a n s fo rm a tio n  and 
due to  th e  b u ild -u p  o f  tra n s fo rm a tio n - in d u c e d  d i s lo c a t io n  d e b r i s .
T h is  s h a p e - s t r a in  d e g ra d a tio n  has a ls o  been  s u c c e s s f u l ly  m odelled  by means 
o f a sim ple  tw o -s ta g e  s t r e s s - in d u c e d  m a r t e n s i t i c  tr a n s fo rm a tio n  m odel.
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Grow o u t o f yo u r in n e rm o st s e lv e s  
N ever renounce your b e l i e f s  
Do n o t t o i l  f o r  r e c o g n i t io n  
But alw ays do a l l  you can 
So th a t  th e  f i e l d  a l l o t t e d  to  you 
May p ro s p e r .
Leos Jan acek
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INTRODUCTION
C o n sid e rab le  i n t e r e s t  has  r e c e n t ly  been  shown in  n o n -fe r ro u s  m a r te n s i te s ,  
p a r t i c u l a r l y  th o s e  o f th e  n o b le  m e ta ls ,  a s  a r e s u l t  o f  t h e i r  m echan ica l 
and t r a n s fo rm a tio n a l  b e h a v io u r . T h e ir  a b i l i t y  to  s u s ta in  h ig h  
p s e u d o e la s t ic  s t r a i n s ,  h ig h  m echan ical damping and shape-memory phenomena 
have t r ig g e r e d  an e x p lo s io n  o f re s e a rc h  in to  th e s e  a l lo y s .
The l a t t e r  phenomena have a ls o  proven to  be o f  g r e a t  te c h n o lo g ic a l  i n t e r e s t  
s in c e  th e  a b i l i t y  to  g e n e ra te  spon taneous and r e v e r s ib l e  changes in  shape 
on th e rm al c y c l in g  has JLed to  th e  d e s ig n  o f a  m u lt i tu d e  o f d e v ic e s ,  w hich 
show g r e a t  com m ercial p o t e n t i a l .  These R e v e rs ib le  Shape-Memory (RSH) 
a l lo y s  have found t h e i r  m ajor a p p l ic a t io n s  in  th e rm o s ta t ic  se n s in g  d e v ic e s ,  
however b e fo re  com m ercial e x p lo i ta t io n  o f  t h i s  phenomena can o c c u r , th e  
R e v e rs ib le  Shape-Memory E f f e c t  (RSME) m ust be p roven  s ta b le  ov er th e  many 
hundred  (o r  even thousand ) of th e rm al c y c le s  en v isag ed  d u rin g  th e rm o s ta t ic  
s e n s in g  o p e ra t io n s .
D uring th e rm o s ta t ic  se n s in g  c y c le s ,  RSME a c tu a to r s  a re  s u b je c te d  to ,  
f lu c tu a t io n s  o f te m p e ra tu re  and s t r e s s ,  and to  tr a n s fo rm a tio n  c y c l in g  w hich 
le a d s  to  a number o f p o s s ib le  so u rces  o f i n s t a b i l i t y  in  th e  RSM. A geing 
o f b o th  th e  8 and m a r t e n s i t i c  p h a se s , t r a n s fo rm a tio n  c y c l in g  and th e  
a p p l ic a t io n  o f s t r e s s  d u rin g  m a r te n s i t i c  tr a n s fo rm a tio n  have a l l  been  
re p o r te d  to  in f lu e n c e  th e  c h a r a c t e r i s t i c s  o f  th e  m a r te n s i t i c  tr a n s fo rm a tio n ,  
and i t  i s  th e r e f o r e  c l e a r  t h a t  th e  c o n d it io n s  imposed on RSME a c tu a to r s  
in  o p e ra t io n a l  d e v ic e s  a re  l i k e ly  to  induce changes in  th e  tr a n s fo rm a tio n  
b eh av io u r o f th e  a l lo y  and th u s  in  th e  r e s u l t i n g  RSM.
A stu d y  o f th e  e f f e c t s  o f th e s e  c y c l in g  c o n d it io n s  on th e  lo n g -te rm  
s t a b i l i t y  o f th e  RSME h as  n o t ,  how ever, been  c a r r i e d  o u t .  The open 
l i t e r a t u r e  i s  devo id  o f d a ta  on th e  e f f e c t  o f tr a n s fo rm a tio n  c y c lin g  
on th e  RSM, in  p a r t i c u l a r  u n d er c o n d it io n s  re sem b lin g  th o se  in  r e a l  
d e v ic e s .  The p r e s e n t  work w as, th e r e f o r e ,  u n d e rta k e n  to  p a r t i a l l y  
f i l l  t h i s  gap in  ou r u n d e rs ta n d in g  o f th e  RSME.
In  t h i s  s tu d y , th e  s t a b i l i t y  o f th e  RSM w ith  r e s p e c t  to  tr a n s fo rm a tio n  
c y c l in g  h as  been  in v e s t ig a te d  in  th e rm a lly -c y c le d  CuZnAl a c tu a to r s  in  
a s im u la te d  RSM d e v ic e . S ince  th e  RSME i s  dependen t on a c o n t ro l le d  
r e v e r s io n  and grow th o f a " t r a in e d "  m a r te n s i te  m orphology, th e  lo n g e r -  
te rm  b eh av io u r d u rin g  c y c l in g  has been  s tu d ie d  b o th  m a c ro sc o p ic a lly , in  
term s o f th e  shape-memory s t r a in - r e s p o n s e ,  and m ic r o s t r u e tu r a l ly ,  in  term s 
o f  th e  s t a b i l i t y  o f th e  " t r a in e d "  m a r te n s i te  m orphology -  w ith  th e  aim 
o f c h a r a c te r i s in g  any changes in  th e  m acroscop ic  RSM b e h a v io u r in  term s 
o f changes w i th in  th e  " t r a in e d "  m a r te n s i te  m orphology. The i d e n t i f i c a t i o n  
o f th e  m ic r o s t r u c tu r a l  mechanisms o f i n s t a b i l i t y  in  RSM th e n  a id s  th e  
s e l e c t io n  and p ro c e s s in g  o f a l lo y s ,  and th e  d e s ig n  o f d e v ic e s  to  av o id  
such i n s t a b i l i t i e s  and th u s  a llo w  th e  u se  o f  RSME a c tu a to r s  in  lo n g e r- te rm  
c y c l in g  a p p l i c a t i o n s .
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CHAPTER ONE 
MARTENSITIC TRANSFORMATION IN METASTABLE
6-PHASE ALLOYS
CHAPTER ONE
1.0  M a r te n s i t ic  T ra n s fo rm a tio n  in  M e ta s ta b le  $-Phase A llo y s
1.1 In t ro d u c t io n
The shape-memory e f f e c t  i s  i l l u s t r a t e d  in  F ig u re  1. A specim en deform ed 
in  i t s  low te m p e ra tu re  c o n d i t io n  w i l l  r e g a in  i t s  o r ig i n a l  shape when 
h e a te d . In  a d d i t io n  u nder th e  c o r r e c t  d e fo rm a tio n  c o n d itio n s  th e  specim en 
can be su b se q u e n tly  made to  show a r e v e r s ib l e  shape-change on th e rm a l 
c y c lin g  w ith o u t th e  n e c e s s i ty  f o r  th e  a p p l ic a t io n  o f s t r e s s  (R e v e rs ib le  
Shape-M emory). These e f f e c t s  w ere f i r s t  d e s c r ib e d  by B u eh le r e t  a l  (1) 
in  eq u ia to m ic  N iT i and s in c e  t h i s  i n i t i a l  o b s e rv a tio n ,  th e  e f f e c t  h as  
been  found to  e x i s t  in  many o th e r  sy stem s, a p a r t i a l  l i s t  in c lu d in g  
CuZn ( 2 ) ,  CuZnAl ( 3 ) ,  CuZnGa, CuZnSn ( 3 ) ,  CuZnSi, CuAl ( 4 ) ,  CuAINi ( 5 ) ,  
CuAuZn, CuSn, AuCd ( 6 ) ,  NiAl ( 7 ) ,  NiTiX (where X i s  a te rn a r y  e lem en t) 
and F e P t.
The shape-memory e f f e c t  (b o th  one-way and r e v e r s ib l e )  in  a l l  th e s e  a l lo y s  
i s  a s s o c ia te d  w ith  a w e ll d e f in e d  te m p e ra tu re  ran g e  w hich has  su b se q u e n tly  
been  i d e n t i f i e d  w ith  a m a r te n s i t i c  t r a n s fo rm a tio n ,  th e  common f e a t u r e  
o f w hich i s  th e  tr a n s fo rm a tio n  from  an o rd e re d  h ig h  te m p e ra tu re , h ig h  
symmetry phase  (commonly bcc) to  a low te m p e ra tu re , low symmetry p h ase  
by means o f a c r y s ta l lo g r a p h ic a l ly  r e v e r s ib l e  th e rm o e la s t ic  t r a n s fo rm a t io n .
The fo llo w in g  i s  th u s  a rev iew  o f th e  c u r r e n t  l i t e r a t u r e  as i t  r e l a t e s  
to  th e  shape-memory phenomena w hich w i l l  be d is c u s s e d  in  th e  c o n te x t  o f  
th e  m a r te n s i t i c  tr a n s fo rm a tio n  from  m e ta s ta b le  3~phase to  low symmetry 
m a r te n s i te .
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Fig. 1 The Macroscopic Features of the One-Way and 
Reversible Shape-Memory Effects
1.2  The P a re n t Phase
1.21 S t r u c tu r e  o f  th e  P a re n t Phase
A common f e a tu r e  o f system s e x h ib i t in g  shape-memory phenomena i s  t h a t  th ey  
a re  b ased  on th e  n o b le  m e ta ls ,  i e  w here Cu, Ag o r  Au a re  a l lo y e d  w ith  
e lem en ts  o f th e  B subgroup o f th e  p e r io d ic  t a b l e .  I t  i s  from  th e  g -phases 
in  th e s e  sy stem s, c e n tre d  around  an e le c tro n -a to m  r a t i o  o f 1 .5  t h a t  
m a r t e n s i t i c  t r a n s fo rm a tio n s  o c c u r , and r e s u l t  i n  th e  p o s s i b i l i t y  o f 
shape-memory phenomena.
The B ra v a is  l a t t i c e  o f th e  p a re n t  phase from  w hich th e  m a r t e n s i t i c  phases  
a re  form ed i s  b c c , in  some system s d is o rd e re d ,  and in  o th e rs  o rd e re d .
The th r e e  common s t a b l e  bcc  s u p e r l a t t i c e s  a r e  shown in  F ig u re  2 . In  b in a ry  
and te rn a r y  a l lo y s  b o th  B2 and DO  ^ s t r u c tu r e s  can e x i s t  in  th e  same 
system , e i t h e r  a t  d i f f e r e n t  co m p o sitio n s  o r  in  th e  same a l lo y  co m p o sitio n  
a t  d i f f e r e n t  te m p e ra tu re s , eg in  CuAuZn ( 8 ,9 ) .
In  th e  ca se  o f b in a ry  Cu-Zn a l lo y s  a s in g le  o rd e r in g  r e a c t io n ,
A2 (d is o rd e re d )  B2, i s  observ ed  (a  t h e o r e t i c a l  B2 DO  ^ t r a n s i t i o n  has 
been  c a lc u la te d  (1 0 ) , b u t even in  th e  m ost C u -r ic h  m e ta s ta b le  g -p h a s e s , 
th e  o rd e r in g  te m p e ra tu re  i s  below  room te m p e ra tu re ) . However, in  
CuZnAl a l lo y s  in  th e  m idd le  o f th e  te rn a r y  d iag ram , e l e c t r o n  d i f f r a c t i o n  
s tu d ie s  (11) have r e v e a le d  th e  p re se n c e  o f DO  ^ o r d e r .  Thus in  th e  CuZnAl 
a l lo y s  o f i n t e r e s t  in  th e  p r e s e n t  work th e  o rd e r in g  sequence on c o o lin g  
i s :  A2 ->• B2 ->• DO^.
1.22 S t a b i l i t y  o f th e  g-Phase
At low te m p e ra tu re s  th e r e  i s  a d e c re a s in g  s t a b i l i t y  o f  th e  g -p h a se , and 
because  o f th e  r e s u l t a n t  change in  co m p o sitio n  o f th e  g -phase  b o u n d ary , 
a number o f g -phase  a l lo y s  w i l l  e x h ib i t  a d i f f u s io n a l  d eco m p o sitio n  on
12
(a)
(C)
FIGURE 2 -  S ta b le  S u p e r la t t i c e  S tru c tu r e s  in  bcc 3 -p h ases  (a )  D iso rd e re d
(b) B 2-0 rdered  (c ) DO^-Ordered.
13
c o o lin g , eg by th e  p r e c i p i t a t i o n  o f  a n o b le -m e ta l r i c h  a -p h a se  (F ig u re  3 ) .  
However, i f  th e  a l lo y  i s  quenched from  th e  3 -p h ase  f i e l d  a t  a s u f f i c i e n t l y  
h ig h  r a t e ,  d i f f u s io n a l  deco m p o sitio n  can  be in h ib i t e d ,  p ro d u c in g  a m e ta s ta b le  
3 -p h ase .
At low te m p e ra tu re  numerous bcc m e ta ls  and a l lo y s  e x h ib i t  u n u su a l e l a s t i c  
p r o p e r t i e s ,  e x h ib i t in g  a d e c re a s in g  m agnitude o f  th e  e l a s t i c  s h e a r  
m odulus:
(C<„ -  C<0)
C' =t _  11 12 '2
and a h ig h  e l a s t i c  a n is o tro p y  f a c t o r :
C1
D uring quenching t h i s  Ts o f te n in g 1 o f  th e  e l a s t i c  c o n s ta n ts  becomes 
s i g n i f i c a n t ,  w ith  C’ a t t a i n i n g  a sm all v a lu e  and A a v e ry  h ig h  v a lu e ,  
in d ic a t in g  a d e c re a se  in  th e  s t r u c t u r a l  s t a b i l i t y  w ith  r e s p e c t  to
{110}D <110>o s h e a r s .  T h is  co rresp o n d s  ±o th e  l a t t i c e  t r a n s fo rm a tio n  s t r a i n
p p
in  many m a r te n s i t i c  tr a n s fo rm a tio n s ,  and e x p e rim e n ta l ev id en ce  su g g e s ts  
(12 , 13, 14, 15) t h a t  t h i s  s o f te n in g  o f th e  e l a s t i c  c o n s ta n ts  in  m e ta s ta b le  
3 -ph ases  a llo w s th e  o n s e t o f m a r t e n s i t i c  tr a n s fo rm a tio n .
The d r iv in g  fo rc e  f o r  such a tra n s fo rm a tio n  a r i s e s  from  th e  i n h i b i t i o n  o f 
th e  e q u i l ib r iu m  phase  s e p a ra t io n  by qu en ch in g , w hich p roduces a  m e ta s ta b le  
3 -phase  w hich i s  therm odynam ically  u n s ta b le  b u t  u n ab le  to  tr a n s fo rm  
d i f f u s io n a l ly  due to  la c k  o f th e rm al a c t i v a t io n .  The system  c a n , how ever, 
reduce  i t s  f re e -e n e rg y  by a d i f f u s io n l e s s  s h e a r  t r a n s fo rm a tio n  (a id e d  by 
th e  s o f te n in g  o f th e  e l a s t i c  c o n s ta n ts )  to  a m a r te n s i t i c  p h a se , th e  
f re e -e n e rg y  d if f e r e n c e  betw een th e  m a r t e n s i t i c  and p a re n t  p h ase  b e in g  th e  
d r iv in g  fo rc e  fo r  tr a n s fo rm a tio n .
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1.3 N oble-M etal M a r te n s ite s
1.31 M a r te n s i t ic  T ra n s fo rm a tio n
The e s s e n t i a l  f e a tu r e s  o f a m a r t e n s i t i c  tr a n s fo rm a tio n  a r e :
( i )  d i f f u s io n  i s  n o t r e q u ir e d .
( i i )  T here i s  a  d isp la c e m e n t o f a l a t t i c e  d i s t o r t i v e  ty p e  in v o lv in g  
a sh ea r-d o m in an t sh ap e -ch an g e .
( i i i )  S tra in -e n e rg y  dom inates th e  k i n e t i c s  and m orphology d u rin g  
tr a n s fo rm a tio n .
D if f u s io n le s s  in  t h i s  c o n te x t means t h a t  no random -walk m ixing  o f  atoms 
occu rs  d u rin g  th e  s t r u c t u r a l  change, and as  a r e s u l t  th e  p ro d u c t i n h e r i t s  
th e  same c o m p o sitio n , a tom ic o rd e r  and l a t t i c e  d e f e c ts  as a r e  p r e s e n t  in  
th e  p a re n t  p h ase .
The mechanism o f tra n s fo rm a tio n  can be c o n s id e re d  as a sh e a r  dom inated  
c o -o rd in a te d  atom s h i f t  w hich can  be d e s c r ib e d  by a co m bination  o f a 
homogeneous l a t t i c e  d e fo rm a tio n  w hich c o n v e r ts  one B rav a is  l a t t i c e  -to 
a n o th e r  (and w hich dom inates th e  t r a n s fo rm a tio n a l  shape change) and 
a tom ic s h u f f le s  w ith in  th e  u n i t  c e l l  w hich p roduce th e  re q u ir e d  changes 
in  l a t t i c e  symmetry (F ig u re  4 ) .
There a re  two b a s ic  ty p e s  o f  m a r t e n s i t i c  tr a n s fo rm a tio n ,  w hich a re  
d i f f e r e n t i a t e d  by t h e i r  k in e t i c s  (T ab le  1 and F ig u re  5 ) .  A ll  shape-memory 
a l lo y s  how ever, e x h ib i t  th e rm o e la s t ic  m a r t e n s i t i c  t r a n s fo rm a t io n s ,  th e  
grow th k in e t i c s  and narrow  h y s te r e s i s  b e in g  p r e r e q u i s i t e s  f o r  th e  e f f e c t .
1 .32 T h e rm o e la s tic  M a r te n s i t ic  T ra n s fo rm a tio n
The b eh av io u r d u rin g  a th e rm o e la s t ic  m a r t e n s i t i c  tr a n s fo rm a tio n  i s  shown 
sc h e m a tic a lly  in  F ig u re  6 . The tr a n s fo rm a tio n  p roceeds a t  th e  Ms te m p e ra tu re , 
w here m a r te n s i te  p la t e s  appear and p ro g re s s e s  a th e rm a lly  w ith  b o th  th e  
grow th o f e x i s t in g  p la te s  and th e  fo rm a tio n  o f new o n es , u n t i l  a t  th e  Mf
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TABLE 1 -  MARTENSITIC TRANSFORMATION CHARACTERISTICS (16)
Type
T h erm o e la s tic  
Non T h e rm o e la s tic
N u c le a tio n
Induced  by 
u n d e rc o o lin g
Q uench-induced 
by u n d e rco o lin g
Growth
P ro p o r t io n a l  to  
d e c re a se  in  
te m p e ra tu re
R apid ;
in d ep en d en t o f 
r a t e  o f  c o o lin g
D e fe c t S tr u c tu r e
T ra n s fo rm a tio n -
induced
T ra n s fo rm a tio n -  
induced  and by 
p l a s t i c  
d e fo rm a tio n
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te m p e ra tu re  tra n s fo rm a tio n  i s  com p le te . On h e a t in g ,  a t  As th e  l a s t  p la t e s  
form ed d u rin g  th e  fo rw ard  t r a n s fo rm a tio n  r e v e r t ,  and th e re  i s  th en  
co n tin u o u s  r e v e r s io n  u n t i l  a t  th e  Af te m p e ra tu re  th e  3 -phase  i s  fu lly - 
r e s to r e d .  The o v e r a l l  fo rw ard  and r e v e r s e  tra n s fo rm a tio n  h y s te r e s i s  i s  
sm a ll,  betw een 10 and 50 °C (~ 15 °C f o r  CuZnAl a l l o y s ) .  The h y s te r e s i s  
i s  sm all in  com parison  w ith  " b u r s t11 m a r te n s i te s  (F ig u re  5) as a r e s u l t  
o f th e  d i f f e r e n c e  in  th e  accommodation o f tr a n s fo rm a tio n  s t r a i n  w hich 
in  th e rm o e la s t ic  m a r te n s i te s  occu rs  e l a s t i c a l l y  ( " b u r s t"  m a r te n s i te s  
accommodate th e  s t r a i n  p l a s t i c a l l y )  and p ro v id e s  an a d d i t io n a l  d r iv in g  
fo rc e  on r e v e r s io n ,  re d u c in g  th e  t r a n s fo rm a tio n a l  h y s t e r e s i s .
M e ta s ta b le  3 -p h ases  undergo ing  th e rm o e la s t ic  tra n s fo rm a tio n  can  be c o n s id e re d  
therm odynam ically  as a p se u d o -s in g le  component system  (16) as a r e s u l t  o f 
th e  d i f f u s io n l e s s  n a tu re  o f th e  tr a n s fo rm a tio n .  Thus th e re  i s  a c r i t i c a l  
te m p e ra tu re , Tq , a t  w hich th e re  i s  a therm odynam ic e q u il ib r iu m  betw een 
p a re n t  and m a r te n s i t i c  p h a se s , below  w hich th e r e  w i l l  be a d r iv in g  fo rc e  
f o r  tr a n s fo rm a tio n  to  m a r te n s i te  g iven  by:
AGP-*m = Gp -  Gm (1)
w here AG^"^ i s  th e  d r iv in g  fo rc e  fo r  tr a n s fo rm a tio n  f o r  p a re n t  phase  to  
m a r te n s i te .
*P IT *G and G ‘ a re  th e  f r e e - e n e r g ie s  o f th e  p a re n t  and m a r te n s i te  p h ases  
r e s p e c t iv e ly .
The Ms te m p e ra tu re  does n o t l i e  a t  Tq s in c e  in  g e n e ra l s u f f i c i e n t  u n d e rc o o lin g  
below  To i s  r e q u ire d  to  g e n e ra te  th e  d r iv in g  fo rc e  n e c e ssa ry  to  overcom e 
b a r r i e r s  to  n u c le a t io n  and grow th. These b a r r i e r s  a r i s e  from  th e  fo rm a tio n  
o f  m a r te n s i te /p a r e n t  phase i n t e r f a c e s ,  and th e  p re se n c e  o f e l a s t i c  
tra n s fo rm a tio n  s t r a i n s ,  and m odify th e  f r e e -e n e rg y  d r iv in g  fo rc e  f o r  
tra n s fo rm a tio n  (18) to :
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AGP^  ■ AGCffiM + (AGd + AV  (2)
w here: A^ CHEM th e  chem ica l d r iv in g  fo rc e  f o r  tr a n s fo rm a tio n  and i s
o p p o s ite  in  s ig n  to  th e  o th e r  te rm s .
AG  ^ i s  th e  i n t e r f a c i a l  en e rg y .
AG i s  th e  s t r a i n  -  energy  due to  e l a s t i c  s t r a i n s  (volume andz
sh e a r  s t r a i n s )  a r i s i n g  from  th e  t r a n s fo rm a tio n .
The energy  b a la n c e  can be d e s c r ib e d  more e x p l i c i t l y  f o r  a s in g le  m a r te n s i te  
p la t e  in  a p a re n t  p hase  m a tr ix  by (1 9 ):
AG*5**111 = AGj£?L + o .e  + 0y + (3)CHEM 1 m 'm m
w here a l l  th e  term s r e f e r  to  tra n s fo rm a tio n  o f a u n i t  volume and:
c .e  -  i s  th e  e l a s t i c  s t r a in -e n e r g y  s to r e d  due to  i n t e r n a l  s t r e s s  i  m
in s id e  th e  m a r te n s i te  and m a tr ix  as a r e s u l t  o f tr a n s fo rm a tio n
s t r a i n  z .m
Y “ i s  th e  i n t e r f a c i a l  energy  o f th e  m a r te n s i te /m a tr ix  i n t e r f a c e ,  m
0 - i s  th e  p la te - s h a p e  p a ra m e te r , r e l a t e d  to  th e  su rfa c e /v o lu m e  
r a t i o .
£ -  i s  a term  w hich d e s c r ib e s  th e  f r i c t i o n  and i r r e v e r s i b l e
d e fe c t  p ro d u c tio n  in  th e  m a tr ix .
In  th e rm o e la s t ic  m a r te n s i te s  th e  d r iv in g  fo rc e  i s  sm all (T ab le  2 shows a 
com parison o f e l a s t i c  and therm odynam ic q u a n t i t i e s  in  th e rm o e la s t ic  and 
n o n - th e rm o e la s t ic  tra n s fo rm a tio n s )  such th a t  th e  chem ical d r iv in g  fo rc e  
i s  b a lan ced  by th e  r e s i s t i v e  e n e rg ie s  a t  th e  o n s e t o f g row th , i e  a t  th e  
Ms :
AGCHEM = ° i em + 9Ym + 5em (4)
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Any s u p e r c r i t i c a l  n u c le u s  i s  th u s  im m ediate ly  in  th e rm o e la s t ic  e q u i l ib r iu m . 
F u r th e r  n u c le a t io n  and grow th o ccu rs  o n ly  by red u c in g  th e  te m p e ra tu re  s in c e  
th e  r a t e  o f in c re a s e  in  chem ical d r iv in g  fo rc e  on c o o lin g  exceeds th e  
r a t e  o f in c re a s e  in  r e s i s t i v e  en e rg y . At any te m p e ra tu re , T<MS , n u c le i  
w hich a re  s u p e r c r i t i c a l  w i l l  th e n  e i t h e r  be in  im m ediate th e rm o e la s t ic  
e q u i l ib r iu m  o r  grow r a p id ly  is o th e rm a lly  u n t i l  th e y  re a c h  a  f i n i t e  
p l a t e - s i z e  w here AG*5"*"131 = 0 . T his r e s u l t s  in  a co n tin u o u s  grow th o f 
m a r te n s i te  over th e  ran g e  Ms to  Mj.
I t  has been  shown e x p e r im e n ta lly  t h a t  th e s e  th e rm o e la s t ic  tr a n s fo rm a tio n s  
a re  f u l l y  r e v e r s ib l e .  D uring r e v e r s io n ,  a t  T>Tq ,  th e re  i s  a chem ica l 
d r iv in g  fo rc e  f o r  r e v e r s io n  to  3, and under th e s e  c o n d it io n s  a number o f 
term s in  e q u a tio n  3 no lo n g e r  r e s i s t  t r a n s fo rm a tio n ,  b u t a id  r e v e r s io n .
The s t r a i n  and s u r fa c e  energy  term s now p ro v id e  a d d i t io n a l  d r iv in g  fo rc e  
f o r  r e t r a n s fo rm a tio n  s in c e  r e v e r s io n  to  3 b o th  red u ces  th e  i n t e r n a l  s t r a i n -  
energy  and removes m a r te n s i te /p a r e n t  phase in te r f a c e s  ( th e  ' f r i c t i o n 1 te rm  
r e s u l t i n g  from  i r r e v e r s i b l e  d e f e c t  g e n e ra tio n  how ever, s t i l l  a c t s  in  a 
r e s i s t i v e  m an n er). T h is  p ro d u c e s •th e  co n tin u o u s  grow th and r e v e r s io n  
o f p la te s  d u rin g  tra n s fo rm a tio n  c y c l in g ,  and in  th e  narrow  tr a n s fo rm a tio n  
h y s t e r e s i s .
E q u a tio n  3 d e s c r ib e s  th e  th e rm o e la s t ic  e q u i l ib r iu m  of a s in g le  m a r te n s i te  
p la t e  in  a p a re n t  phase m a tr ix .  In  m u l t i - p l a te  system s how ever, i t  i s  
c l e a r  th a t  as more and more p la te s  form , th e  s to r e d  e l a s t i c  energy  in c re a s e s  
in  a n o n - l in e a r  manner s in c e  th e  new p la t e s  form  in  a m a tr ix  a l re a d y  in  
e l a s t i c  e q u i l ib r iu m  w ith  e x i s t in g  p l a t e s .  These new p la te s  th e r e f o r e  
g iv e  r i s e  to  p r o p o r t io n a te ly  la r g e r  s t r a i n  e n e rg ie s  p e r  u n i t  volum e.
The s t r a i n  e n e rg ie s  m ust th e r e f o r e  be m o d ified  by an i n t e r a c t i o n  te rm  (2 1 ):
agtotal = £ (AGi  + AGi ) (5)
£ . £ I1
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w here: AG  ^ i s  th e  i n t e r a c t io n  te rm , and:
AG£ < AG^ +1 < . . .
T his s t r a in - e n e r g y  d if f e r e n c e  betw een th e  f i r s t  and l a s t  m a r te n s i te s  
to  form  has c o n s id e ra b le  im po rtan ce  d u rin g  r e v e r s io n  s in c e  th e  t o t a l  
f r e e -e n e rg y  o f th e  system  can be r a p id ly  low ered  a t  th e  o n s e t o f r e v e r s io n  
( a t  th e  As ) by th e  im m ediate r e tr a n s fo rm a tio n  o f  th e  l a s t  p l a t e s  to  form . 
T his p roduces th e  o th e r  c h a r a c t e r i s t i c  o f th e rm o e la s t ic  tr a n s fo rm a tio n ,  
i e  th e  l a s t  p l a t e s  to  form  a re  th e  f i r s t  to  r e v e r t .
T h is  th e rm o e la s t ic  e q u i l ib r iu m  dom inates th e  th e rm o e la s t ic  tr a n s fo rm a tio n
and g iv e s  r i s e  to  many of th e  tr a n s fo rm a tio n  c h a r a c t e r i s t i c s  such as 
com plete  r e v e r s i b i l i t y ,  sm all h y s te r e s i s  and a h ie ra rc h y  o f  m a r te n s i te  
r e v e r s io n  te m p e ra tu re s .
1.33 The S tr u c tu r e  o f  N oble-M etal M a r te n s i te s
The e x a c t s t r u c tu r e  o f n o b le -m e ta l m a r te n s i te s  depends on th e  a l lo y  
sy stem , c o m p o sitio n , and s in c e  th e  m a r te n s i te s  i n h e r i t  th e  p a r e n t  phase  
o rd e r ,  th e  ty p e  o f lo n g -ra n g e  o rd e r .  The b a s a l  p la n e s  o f  th e  m a r te n s i te s  
a re  a l l  d e r iv e d  from  th e  {110}^ s ta c k in g  seq u en ce , a ’ , 3 ’ and y v -  b ased  
on f e e ,  c lo se -p a c k e d  o rtho rhom bic  and fe e  s t r u c t u r e s .
N o b le-m eta l a l lo y s  u s u a l ly  e x h ib i t  more th a n  one o f th e s e  m a r te n s i te  ty p e s  
depending  on th e  c o m p o sitio n , eg Cu-A l, $* in  th e  range 20 to  26 a t  % A1 
(22 , 23, 24, 25) and a t  h ig h e r  c o m p o sitio n s , 26 to  28 a t  % A1 a y '
hexagona l m a r te n s i te  (24 , 2 5 ) . The same b eh av io u r i s  a ls o  o b serv ed  in
o th e r  n o b le -m e ta l a l lo y s  such as Cu-Sn (26 , 2 7 ) , Ag-Al, Ag-Ge, Ag-Cd (28) 
and Au-Cd (2 9 ) .
24
In  a d d i t io n ,  how ever, th e  m a r te n s i te s  can a ls o  i n h e r i t  d i f f e r e n t  
s u p e r l a t t i c e  s t r u c tu r e s  from  th e  p a re n t '.p h a se  w hich r e s u l t s  in  d i f f e r e n t l y  
o rd e red  p la n e s  and g iv e s  r i s e  to  a v a r i e ty  of s ta c k in g  sequences
w ith in  th e  m a r te n s i te .  T h is  r e s u l t s  in  th e  n om encla tu re  c o n ta in e d  in  
T ab le 3 f o r  th e  th r e e  s t r u c t u r e  ty p e s  d e r iv e d  from  d i f f e r e n t l y  o rd e re d  
p a re n t -p h a s e s . In  th e  ca se  o f  s t r u c tu r e s  d e r iv e d  from DO  ^ o rd e re d  p a re n t  
phase  th e  ’p rim ed 1 p la n e s  a r i s e  as  a r e s u l t  o f th e  o rd e r in g  w hich p roduces 
d i f f e r e n t  a tom ic  s p e c ie s  on th e  u s u a l s t r u c t u r e - r e p e a t  s i t e s ,  and le a d s  
to  a  d o u b lin g  o f th e  number o f c lo se -p a c k e d  p la n e s  in  th e  r e p e a t  p e r io d  
o f a ’ and 3 1 m a r te n s i te s  compared to  th o se  d e r iv e d  from  A2 o r  B2 o rd e re d  3. 
O rdering  a d d i t io n a l ly  d i s t o r t s  th e  pack in g  o f atoms in  th e  b a s a l  p la n e  
so t h a t  a d ja c e n t la y e r s  a re  s h i f t e d  by d i f f e r e n t  amounts from  th o s e  f o r  
id e a l  p a c k in g . The r e s u l t i n g  m a r te n s i te s  a r e  s a id  to  be m o d ified  ( th e  
symbol M b e in g  used  as a p r e f ix )  th e  consequences o f w hich a r e  an 
’o rth o rh o m b ic1 d i s t o r t i o n  (30) and a m o n o c lin ic  d i s t o r t i o n  (31) (F ig u re  7 ) ,  
ex ce p t in  y* m a r te n s i te s .
In  CuZnAl SME a l lo y s  th e  m a r te n s i te s  g e n e ra te d  by th e rm a lly - in d u c e d
tra n s fo rm a tio n  a re  o f th e  3 T- ty p e ,  and when formed from a f u l l y  D O ^-ordered
p a re n t  phase e x h ib i t  th e  18R s t r u c t u r e .  The l a t t i c e  s t r a i n s  and s ta c k in g
s h i f t s  f o r  t h i s  tr a n s fo rm a tio n  a re  shown in  F ig u re  8 . The tr a n s fo rm a tio n
p ro ceed s by sh e a r  on th e  {110} 'p la n e s  and phenom enological th e o ry  p r e d ic t s
p
t h a t  24 h a b i t - p la n e  v a r ia n ts  o f  th e  18R can be d e r iv e d  from  a s in g le
o r i e n t a t i o n  o f p a re n t  p h ase , w ith  th e  h a b i t - p la n e s  grouped in  fo u rs  around
each {110}_ p o le  (F ig u re  9 ) .  
p
E q u atio n  3 i l l u s t r a t e s  th e  im portance of t r a n s fo rm a tio n a l  s t r a in - e n e r g y  
in  th e  th e rm o e la s t ic  b a la n c e  d u rin g  tr a n s fo rm a tio n .  The p r in c i p l e  so u rc e  
o f t h i s  s t r a in - e n e r g y  i s  th e  shape-change  a s s o c ia te d  w ith  th e  p u re  l a t t i c e  
s t r a i n  ( in  3 -*• 3 ’ tr a n s fo rm a tio n  betw een bcc  and fe e  B ra v a is  l a t t i c e s )  w hich
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-  The U n it C e ll o f th e  Normal 9R S tr u c tu r e  and th e  M od ified  9R (3 1 ) .
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FIGURE 8
(a) A 8 ^
C I 0 0 1 M
(b) o
■ j C O I H p C I O O I m
L a t t i c e  Change from  DO  ^ P a re n t to  18R M a r te n s ite  (a ) B asa l P lan e  
o f  M a r te n s ite  (b) S tac k in g  Sequence o f  DO  ^ bcc view ed from
[110] (c ) S tac k in g  Sequency o f 18R M a r te n s ite  view ed from
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fo r  th e  24 M a r te n s ite  V a r ia n ts .  Four H a b it-P la n e  V a r ia n ts  a re  
C lu s te re d  abo u t each  {110} P o le . Each o f th e  s ix  {110} Groups i s  
d e s ig n a te d  by th e  Roman Numerals I  VI (33) .
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would re a c h  v e ry  h ig h  le v e ls  i f  i t  w ere n o t f o r  s t r u c t u r a l  changes w hich 
red u ce  th e  o v e r a l l  e l a s t i c  en e rg y . In  p r a c t i c e  t h i s  re d u c t io n  i s  ach iev ed  
by grow th o f p la t e s  e x h ib i t in g  in v a r ia n t - p la n e  s t r a i n .  In  th e  3 ’ m a r te n s i te s  
t h i s  i s  ach iev ed  by i n t e r n a l  f a u l t i n g ,  w ith  s ta c k in g  s h i f t s  on th e  
( 1 0 0 ) ^ ^ !  p l anes w hich g e n e ra te  an in v a r i a n t - p la n e  i n t e r f a c e .  T h is  r e s u l t s  
in  th e  o rtho rhom bic  n a tu re  o f th e  u n i t  c e l l .
T ran sfo rm a tio n  s t r a in - e n e r g y  can be f u r th e r  reduced  by th e  developm ent o f 
m a r te n s i te  m ic ro s t ru c tu r e s  w hich m inim ise m acroscop ic  tr a n s fo rm a tio n a l  
s t r a i n .  T h is  ty p e  o f grow th develops as a r e s u l t  o f th e  24 h a b i t - p la n e  
v a r ia n t s  w hich can  be form ed from  a s in g le  o r i e n t a t i o n  o f  p a r e n t  p h a se .
T h is r e s u l t s  in  th e  fo rm a tio n  o f  p la te -g ro u p s  w ith  a nV "-type  m orphology 
(F ig u re  10) c o n ta in in g  fo u r  {110}_ h a b i t - p la n e  v a r i a n t s .  Such a com b in a tio np
i s  known as  a se lf-accom m odating  p la te -g ro u p  s in c e  t h i s  co m bination  o f 
v a r i a n t s  c a n c e ls  o u t th e  s t r a i n - f i e l d s  around in d iv id u a l  p l a t e s .  The n e t  
s h a p e - s t r a in  around one o f  th e s e  groups i s  z e ro .
The im p o rta n t s t r u c t u r a l  f e a tu r e s  o f th e  3 (1)03 ) 3 T(18R) m a r t e n s i t i c
tr a n s fo rm a tio n  in  CuZnAl a l lo y s  a re  th e r e f o r e :
( i )  a s t r u c t u r a l  tr a n s fo rm a tio n  ta k e s  p la c e  from a h ig h  symmetry 
o rd e re d  bcc phase  to  a lo n g -p e r io d  s ta c k in g ,  o rth o rh o m b ic  
s t r u c t u r e  w ith  an a s s o c ia te d  tra n s fo rm a tio n  s t r a i n .
( i i )  As a r e s u l t  o f th e  d i f f e r e n c e  in  symmetry betw een p a re n t  
and p ro d u c t p h a se s , th e  tr a n s fo rm a tio n  p roceeds by a  one 
o r i e n t a t i o n  to  many v a r i a n t s  pathw ay.
and ( i i i )  As a r e s u l t  o f th e  th e rm o e la s t ic  b a la n c e  d u rin g  t r a n s fo rm a t io n ,  
th e  18R m a r te n s i te s  form  as se lf-accom m odating  p la te -g ro u p s  
which m inim ise th e  tra n s fo rm a tio n - in d u c e d  s t r a in - e n e r g y  
and produce a m orphology w hich e x h ib i t s  no m acro sco p ic  sh a p e -  
change on t r a n s fo rm a tio n .
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FIGURE 10
CHAPTER TWO
2 .0  THE EFFECT OF STRESS ON METASTABLE
3-PHASE ALLOYS
CHAPTER TWO
2.1 The E f f e c t  o f  E x te rn a l ly  A pp lied  S tr e s s  on g -Phases
The a p p l ic a t io n  o f s t r e s s  to  a g -phase  h as  a number of e f f e c t s .  I f  p l a s t i c  
d e fo rm a tio n  o c c u rs , a d d i t io n a l  n u c le a t io n  s i t e s  can be in tro d u c e d , o r  th o se  
a lre a d y  p r e s e n t  can be d e s tro y e d , in f lu e n c in g  n u c le a t io n  and grow th d u rin g  
su b seq u en t m a r t e n s i t i c  t r a n s fo rm a tio n s .  The m ost im p o rta n t e f f e c t  in  
th e rm o e la s t ic  m a r t e n s i t i c  a l lo y s  how ever, i s  to  induce th e  fo rm a tio n  o f 
m a r te n s i te  above th e  s t r e s s - f r e e  e q u i l ib r iu m  te m p e ra tu re  (Tq) , th e  volume 
f r a c t io n  o f w hich in c re a s e s  as th e  s t r e s s  i s  r a i s e d .
2.11 H y d ro s ta t ic  S tr e s s
The e f f e c t  o f h y d r o s ta t i c  p re s s u re  i s  th e  e a s i e s t  e f f e c t  to  u n d e rs ta n d  
and r e s u l t s  from  th e  m olar volum al p r o p e r t i e s  o f th e  m a r te n s i t i c  and 
p a re n t  p h a se s , where V ^V p. H y d ro s ta t ic  p r e s s u r e ,  P , i s  th e r e f o r e  
accommodated by s t a b i l i z a t i o n  o f th e  p a re n t  p h ase , w ith  a r e s u l t a n t  d e c re a se  
in  Tq (Le C h a te l ie r  ^ p rin c ip le )  . From th e  C la u s iu s-C la p e y ro n  e q u a t io n , 
th e  change in  e q u i l ib r iu m  te m p e ra tu re  w ith  p re s s u re  can be w r i t t e n  (21) :
dT0 . . .  
dP -  AH®*p
Where: Tq i s  th e  e q u i l ib r iu m  te m p e ra tu re  a t  ze ro  p r e s s u r e .
AH™"^  i s  th e  e n th a lp y  o f tr a n s fo rm a tio n .
AV11^  i s  th e  m olar volume d if f e r e n c e  CVp-Vm) .
S ince  vm>vp , AV®n> i s  n e g a t iv e  and th e  e q u il ib r iu m  te m p e ra tu re  w i l l  s h i f t  
to  low er te m p e ra tu re s  as  P in c re a s e s  and t h i s  r e s u l t s  in  a com plete  s h i f t  
o f th e  m a r te n s i t i c  tr a n s fo rm a tio n  to  low er te m p e ra tu re s .
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2 .12  D e v ia to r ic  S t r e s s  Components
In  m ost system s how ever, th e re  i s  o n ly  a sm all h y d r o s ta t ic  com ponent.
The p ro c e s s  i s  in s te a d  dom inated by a d e v ia to r ic  s t r e s s  component and 
under th e s e  c o n d it io n s  th e  sh e a r  s t r a i n s  i n t e r a c t  w ith  th e  s t r a i n  f i e l d s  
o f th e  s u b c r i t i c a l  m a r te n s i t i c  n u c l e i ,  s t im u la t in g  o r im peding n u c le a t io n  
and grow th . T h is  r e s u l t s  in  th e  in t r o d u c t io n  o f an e x t r a  i n t e r a c t i o n  term  
in to  th e  th e rm o e la s t ic  b a la n c e , w hich a l t e r s  th e  e f f e c t iv e  f r e e -e n e rg y  change, 
such t h a t  (3 4 ):
*GT f  ■ A(C m  + AGd + AGe * AGP  (7)
Where: AG^ "*111 i s  th e  work done by th e  tra n s fo rm a tio n  in t e r a c t in g  w ith
th e  a p p lie d  s t r e s s .
The r e s u l t  o f t h i s  new th e rm o e la s t ic  b a la n c e  i s  t h a t  th e  a p p l ie d  s t r e s s  
r e p la c e s  p a r t  o f th e  chem ical component as th e  d r iv in g  fo rc e  f o r  th e  
t r a n s fo rm a tio n  and i t  th e r e f o r e  ta k e s  p la c e  a t  te m p e ra tu re s  w here in  th e  
u n s tr e s s e d  s i t u a t i o n  th e r e  i s  i n s u f f i c i e n t  e f f e c t i v e  d r iv in g  f o r c e  f o r  
t r a n s fo rm a tio n  ( th e  n e g a t iv e  s ig n  b e fo re  AG^ ”*111 i s  f o r  th e  ca se  w here th e  
e x te r n a l  s t r e s s  a id s  th e  tr a n s fo rm a tio n  and adds to  th e  chem ica l d r iv in g  
f o r c e ,  and p o s i t i v e  f o r  th e  ca se  where i t  opposes t r a n s f o r m a t io n ) .
The m agnitude and s ig n  o f th e  AG  ^ depends on th e  d i r e c t io n  and se n se  
o f th e  a p p l ie d  s t r e s s ,  and th e  o r i e n t a t i o n  o f th e  s p e c i f i c  m a r te n s i te  
v a r i a n t  under c o n s id e r a t io n .  To in c lu d e  t h i s  o r i e n t a t i o n  e f f e c t  P a t e l  and 
Cohen (35) c o n s id e re d  t h i s  in t e r a c t io n  as t h a t  betw een th e  a p p lie d  s t r e s s  
and th e  t o t a l  shape-change o f th e  tr a n s fo rm a tio n .  From phenom eno log ical 
th e o ry , th e  t o t a l  shape-change c o n s is t s  o f  a s h e a r  on th e  h a b i t - p la n e  
and a d i l a t i o n  norm al to  i t .  They th e r e f o r e  c o n s id e re d  th e  re s o lv e d  
s t r e s s e s  p a r a l l e l  and norm al to  th e  h a b i t - p la n e .  The m echan ica l en erg y  
p e r  mole can th en  be c a lc u la te d  from th e  m echan ica l work c o rre sp o n d in g
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to  th e  tr a n s fo rm a tio n  sh e a r  and d i l a t a t i o n a l  s t r a i n s ,  which i s  g iv e n  
by (3 5 ):
m APPL YQsin26 ± £q (1 + co s20) (8)
Where: ^ppx, t *ie aP P l ie<^  s t r e s s
6 i s  th e  an g le  betw een th e  s t r e s s - a x i s  and th e  h a b i t - p la n e  norm al.
Yq ,E q a r e  th e  t r a n s fo rm a tio n  s t r e s s  and d i l a t a t i o n a l  s t r a i n s  
r e s p e c t iv e ly .
The ± s ig n s  in  th e  e q u a tio n  a re  f o r  u n ia x ia l  te n s io n  and com pression  
r e s p e c t iv e ly .
d i f f e r s  from  v a r i a n t  to  v a r i a n t .
Thus th e  m ajor e f f e c t  o f an e x te r n a l ly  a p p l ie d  s t r e s s  on a 3 -p h ase  i s  to  
r a i s e  th e  Ms te m p e ra tu re  o f m a r te n s i t i c  v a r i a n t s  whose tra n s fo rm a tio n  
s t r a i n s  b e s t  accommodate th e  e x te r n a l ly  imposed s t r a i n ,  and d e p re s s  th e  
Ms o f u n fa v o u ra b le  v a r i a n t s .  However, as a r e s u l t  o f th e  la r g e  number o f 
p o t e n t i a l  h a b i t - p la n e  v a r i a n t s ,  a u n ia x ia l  s t r e s s  w i l l  alw ays have re s o lv e d  
com ponents such t h a t  a v a r ia n t  w ith  an e le v a te d  Ms i s  form ed. The 
p r in c ip le  e f f e c t  o f s t r e s s  on a 3-p h a se  i s  th e r e f o r e  th e  fo rm a tio n  o f 
s t r e s s - in d u c e d  m a r te n s i te  (SIM) v a r i a n t s ,  whose s h a p e - s t r a in s  b e s t  
accommodate th e  imposed s t r a i n .  I t  i s  t h i s  s t r e s s - in d u c e d  t r a n s fo rm a tio n  
w hich i s  r e s p o n s ib le  f o r  th e  m echan ica l p r o p e r t i e s  o f th e s e  m a r t e n s i t i c  
3-p h a se  a l lo y s .
The m agnitude o f AG^ ^111 i s  th e r e f o r e  dependen t on th e  o r i e n t a t i o n  o f th e  
s t r e s s  sy stem , which f o r  a g iven  imposed e x te r n a l  s t r e s s  means t h a t  AG^ 111
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2 .13  M acroscopic R esponse to  A pp lied  S tr e s s
The b eh av io u r o f m e ta s ta b le  3_phase a l lo y s  s u s c e p t ib le  to  m a r te n s i t i c  
tr a n s fo rm a tio n ,  u nder th e  a p p l ic a t io n  o f  s t r e s s  and a t  c o n s ta n t  te m p e ra tu re , 
T>Af i s  shown s c h e m a tic a l ly  in  F ig u re  11. D efo rm ation  i s  i n i t i a l l y  
e l a s t i c ,  b u t a t  a th r e s h o ld  s t r e s s ,  m a r te n s i te  p la te s  b e g in  to  form
in  th e  3-p h ase  f o r  th e  therm odynam ic re a so n s  d is c u s s e d  above. The 
s t r e s s - in d u c e d  t r a n s fo rm a tio n  i s  e s s e n t i a l l y  com plete  a t  p o in t  C, th e  
s lo p e  o f BC r e f l e c t i n g  th e  ea se  w ith  w hich th e  tr a n s fo rm a tio n  p ro c e e d s .
On th e  a p p l ic a t io n  o f h ig h e r  s t r e s s e s ,  th e  m a te r ia l  which i s  now co m p le te ly  
m a r te n s i t i c  deform s e l a s t i c a l l y  u n t i l  a t  a s t r e s s  le v e l  d™, th e  y i e ld  p o in t  
o f th e  m a r te n s i te  i s  exceeded and th e  m a r te n s i te  deform s p l a s t i c a l l y  
u n t i l  f r a c t u r e  o c c u rs .  I f  th e  s t r e s s  i s  r e le a s e d  b e fo re  re a c h in g  th e  
y ie ld  p o in t ,  a t  a s t r e s s  l e v e l  th e r e  i s  r e v e r s io n  o f  th e  SIM u n t i l
a t  p o in t  G th e  3 -p h ase  i s  f u l l y  r e s to r e d  and th e n  u n loads e l a s t i c a l l y  such  
th a t  m ost o f th e  p re v io u s ly  imposed s t r a i n  i s  re c o v e re d  ( th e  t o t a l  s t r a i n  
may o r  may n o t be f u l l y  re c o v e re d , th e  l a t t e r  b e in g  th e  ca se  w here some 
i r r e v e r s i b l e  d e fo rm a tio n  o ccu rs  on lo a d in g  o r  u n lo a d in g ) .
T his b eh av io u r i s  known as s u p e r e l a s t i c i t y  o r p s e u d o e la s t i c i ty  by 
tr a n s fo rm a tio n ,  and some ty p i c a l  v a lu e s  f o r  th e  p r o p e r t i e s  o f p s e u d o e la s t i c a l ly  
deform ed a l lo y s  a re  c o n ta in e d  in  T ab le  4 . I t  i s  c l e a r  t h a t  v e ry  h ig h  
r e v e r s ib l e  s t r a i n s  can be accommodated w ith in  th e s e  sy stem s. T h is 
d e fo rm a tio n  r e s u l t s  w ho lly  from  th e  th e rm o e la s t ic  tr a n s fo rm a tio n  to  
v a r ia n ts  whose s h a p e - s t r a in s  b e s t  accommodate th e  imposed s t r a i n ,  and th e  
r e v e r s i b i l i t y  o f  th e  s t r a i n  r e s u l t s  from  th e  r e v e r s io n  o f th e  m a r te n s i te  
to  3-p h ase  as th e  AG^ *111 component d e c re a se s  on u n lo a d in g .
The p s e u d o e la s t ic  b e h a v io u r o f th e s e  a l lo y s  i s  de te rm in ed  by th e  m agn itude 
o f tra n s fo rm a tio n  s t r e s s  th re s h o ld s  w ith  r e s p e c t  to  th e  y ie ld  s t r e s s  o f 
th e  p a re n t phase a t  te m p e ra tu re , T. The s t r e s s  th re s h o ld  n e c e s s a ry  to
35
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FIGURE 11 -  P s e u d o e la s t ic  D eform ation  o f a (3-phase a t  T > (36) .
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induce m a r te n s i t i c  tr a n s fo rm a tio n  in c re a s e s  w ith  te m p e ra tu re  (a s  can 
be seen  in  F ig u re  12) and i s  a l i n e a r  fu n c tio n  o f  te m p e ra tu re . As th e  
d e fo rm a tio n  te m p e ra tu re  i s  in c re a s e d ,  how ever, th e  y ie ld  s t r e s s  o f 
th e  p a re n t phase d e c re a s e s .  The te m p e ra tu re  ran g e  ov er w hich th e  
p s e u d o e la s t ic  e f f e c t  i s  o bserved  i s  th e r e f o r e  d e te rm in ed  by th e  f i r s t  
th re s h o ld  t h a t  i s  re a c h e d , e i t h e r  o r  C?ylrj, as shown in  F ig u re  13.
W ith in  th e  p s e u d o e la s t ic  ran g e  0^ "^  in c re a s e s  w ith  te m p e ra tu re  and th e  
s lo p e  (w hich e x t r a p o la te s  to  th e  Ms te m p e ra tu re  a t  <3 = 0) i s  l i n e a r .
In  s in g le  c r y s t a l s  t h i s  s lo p e  i s  p ro p o r t io n a l  to  th e  e n tro p y  o f  tr a n s fo rm a tio n  
s in c e  from  th e  C la u s iu s-C la p e y ro n  e q u a tio n :
Where: y i s  th e  s t r a i n  component a s s o c ia te d  w ith  th e  m a r t e n s i t i c
tra n s fo rm a tio n .
dx
and i s  th e  s lo p e  o f  a re s o lv e d  sh e a r  s t r e s s  ( f o r  t r a n s fo rm a tio n )dMs
te m p e ra tu re  p l o t .
The t o t a l  t r a n s fo rm a tio n  s t r a i n  a s s o c ia te d  w ith  th e  p s e u d o e la s t ic  e f f e c t  
v a r ie s  from  a l lo y  to  a l lo y  as a  fu n c tio n  o f  c r y s ta l lo g r a p h ic  p a ra m e te rs ,  
th e  maximum v a lu e s  r e p o r te d  from  some system s a r e  shown in  T ab le  4 a lo n g  
w ith  o th e r  p s e u d o e la s t ic  c r i t e r i a .  From t h i s  d a ta  i t  i s  c l e a r  t h a t :
( i )  i s  g e n e ra l ly  low er f o r  p o ly c r y s t a l l i n e  a l lo y s  s in c e
in  th e  q u a s i - i s o t r o p ic  p o ly c r y s t a l l i n e  a r r a y  th e  m ost fa v o u ra b le  
c r y s ta l lo g r a p h ic  o r i e n t a t i o n  i s  alw ays p r e s e n t .  Thus th e  
s t r e s s  re q u ire d  f o r  th e  i n i t i t a t i o n  of t r a n s fo rm a tio n  sh o u ld  
co rresp o n d  to  th e  minimum v a lu e  f o r  s in g le  c r y s t a l s .
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o f A pp lied  S tr e s s  and T em perature (4 3 ) .
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( i i )  The maximum v a lu e s  o f f o r  s in g le  c r y s t a l s  a re  g r e a te r
th a n  th o s e  a t t a in a b le  in  p o ly c r y s t a l l i n e  specim ens as a r e s u l t  
o f no n e c e s s i ty  f o r  accommodation a t  g r a in  b o u n d a r ie s .
( i i i )  The r e s id u a l  s t r a i n  a f t e r  th e  rem oval o f s t r e s s  i s  h ig h e r  
in  p o ly c r y s t a l l i n e  m a te r ia l .
A lthough t e n s i l e  and co m p ressiv e  s t r e s s e s  a r e  u sed  in  th e  above a n a ly s i s ,  
th e  m acroscop ic  p s e u d o e la s t ic  b eh av io u r i s  a ls o  e x h ib i te d  in  o th e r  
s t r e s s - s y s te m s  such as  bend ing  and to r s io n .
Thus e x te n s iv e  d e fo rm a tio n  can be e l a s t i c a l l y  induced  in to  3 -phase  
a l lo y s  by th e  fo rm a tio n  o f m a r te n s i te s  as a  r e s u l t  o f a s t r e s s - in d u c e d  
tra n s fo rm a tio n .  T h is  SIM forms w ith  a p redom inan t v a r i a n t  ( i e  i t  i s  
n o t se lf-accom m odating ) and th e  e x te rn a lly - im p o se d  s t r a i n  i s  accommodated 
by th e  sum of th e  s h a p e - s t r a in s  o f th e se  p redom inan t v a r i a n t s .  As a 
r e s u l t  o f th e  s t r a i n  accommodation by tr a n s fo rm a tio n ,  on rem oval o f 
th e  a p p l ie d  s t r e s s  th e r e  i s  r e v e r s io n  from  t h i s  p redom inan t m a r te n s i te  
to  3-p h a se  w ith  a r e s u l t i n g  r e v e r s i b i l i t y  o f  th e  p r io r  s t r a i n .
2 .2  The E f f e c t  o f  E x te rn a l ly  A pp lied  S tr e s s  on M a r te n s i t ic  P hases 
The r e s u l t  o f a p p l ic a t io n s  o f s t r e s s  to  a 3 -p h ase  (a s  d is c u s s e d  above) 
i s  to  change th e  f r e e -e n e rg y  d r iv in g  fo rc e  f o r  t r a n s fo rm a tio n ,  s in c e  th e  
a p p l ie d  s t r e s s  a f f e c t s  th e  s t r a in -e n e r g y  dom inated term s in  th e  th e rm o e la s t ic  
b a la n c e . The change in  t h i s  f re e -e n e rg y  b a la n c e  th e n  a llo w s s t r e s s - in d u c e d  
m a r te n s i te  to  form . In  a d d i t io n ,  how ever, th e  a p p l ic a t io n  o f e x te r n a l  
s t r e s s  can a ls o  in f lu e n c e  th e  f u l l y  m a r t e n s i t i c  s t r u c t u r e  i t s e l f .
E qu a tio n  7 shows th e  th e rm o e la s t ic  b a la n c e  betw een th e  p a r e n t  and 
m a r te n s i t i c  p h a se s , and i t  has a lre a d y  been  n o te d  th a t  th e  a p p l ic a t io n
4 0
o f e x te r n a l  s t r e s s  can b r in g  ab o u t changes in  th e  AG^ 111 te rm , such th a t
s t r e s s - in d u c e d  m a r te n s i te  form s from  a m e ta s ta b le  3 -p h ase . The m a r te n s i t i c
s t a t e ,  how ever, w i l l  a l s o  be a f f e c te d  by such changes in  th e  th e rm o e la s t ic
b a la n c e , s in c e  th e  a p p l ie d  s t r e s s  can i n t e r a c t  w ith  th e  s h a p e - s t r a in s  o f
th e  p re v io u s ly -fo rm e d  p l a t e s ,  and produce v a r i a t io n s  in  betw eena
v a r i a n t s .  T h is  th e n  has  s ig n i f i c a n t  r e s u l t s  on th e  su b seq u en t r e v e r s io n  
from  m a r te n s i te  to  p a re n t  phase s in c e  i t  a f f e c t s  th e  e q u i l ib r iu m  betw een th e  
chem ical d r iv in g  fo rc e  f o r  r e v e r s io n  and th e  r e s i s t i v e  energy  te rm s .
2.21 The E f f e c t  o f A pp lied  S tr e s s  on th e  R ev e rs io n  C h a r a c te r i s t i c s  o f 
M a r te n s ite s
In  m u l t iv a r ia n t  m a r te n s i te  m orpho log ies s u b je c te d  to  e x te r n a l  s t r e s s ,  th e  
v a r i a n t s  whose re s o lv e d  sh e a r  s t r a i n  a id s  tr a n s fo rm a tio n  ( i e  accommodates 
th e  e x te r n a l ly  a p p l ie d  s t r a i n )  w i l l  have a AgT*111 te rm  w hich p ro v id e s  a  
d r iv in g  fo rc e  f o r  tr a n s fo rm a tio n  to  m a r te n s i te .  Thus th e s e  v a r i a n t s  on 
h e a t in g  w i l l  be s t a b i l i s e d  w ith  r e s p e c t  to  r e v e r s io n  to  3-p h a s e , and 
e x h ib i t  an e le v a te d  r e v e r s io n  te m p e ra tu re . T h is e f f e c t  i s  shown f o r  a  
v a r i a n t  whose t r a n s fo rm a tio n  s t r a i n  accommodates th e  a p p l ie d  s t r a i n  in  
F ig u re  14 (4 4 ) . In  m u l t iv a r ia n t  s t r u c tu r e s  th e r e  m ust a l s o ,  how ever, be 
v a r ia n ts  whose tra n s fo rm a tio n  s t r a i n s  oppose th e  a p p lie d  s t r a i n .  In  t h i s  
c a s e , a c o n s id e ra t io n  o f th e  th e rm o e la s t ic  b a la n c e  would im ply t h a t  th e  
r e v e r s io n  te m p e ra tu re  would be d e p re s se d . T h is  e f f e c t  has been  o b serv ed  
in  CuZnAl a l lo y s  (44) a t  low a p p lie d  s t r e s s e s ,  and some r e s u l t s  f o r  a 
s in g le  v a r i a n t  a re  shown in  T ab le 5 . The s h i f t s  in  r e v e r s io n  te m p e ra tu re  
fo r  lo a d s  a id in g  and opposing  th e  tr a n s fo rm a tio n  s t r a i n  a r e  e q u a l and 
o p p o s ite ,  th e  fo rm er r a i s i n g  th e  r e v e r s io n  te m p e ra tu re , and th e  l a t t e r  
d e p re s s in g  i t .
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FIGURE 14 -  The E f f e c t  o f Load A id ing  T ra n s fo rm a tio n  S t r a in  on th e
M a r te n s ite  R ev ers io n  T em peratu re (4 4 ) .
4 2
TABLE 5 -  THE EFFECT OF EXTERNALLY APPLIED LOADS ON THE MARTENSITE
REVERSION TEMPERATURE OF A SINGLE VARIANT (44)
Load As (K)
No Load 332.0
1 KN -  a id in g  t r a n s fo rm a tio n  s t r a i n  338.5
1 KN -  opposing  tra n s fo rm a tio n  s t r a i n  325.0
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Thus in  m u l t iv a r ia n t  m a r te n s i te  m o rp h o lo g ies , th e  a p p l ic a t io n  o f low 
s t r e s s e s  induces  changes in  th e  r e v e r s io n  te m p e ra tu re s . At h ig h e r  s t r e s s e s ,  
th e  e f f e c t  on v a r i a n t s  who accommodate th e  a p p l ie d  s t r a i n  i s  th e  same 
( ie  s t a b i l i z a t i o n  wjr.t. r e v e r s io n )  , how ever, in  th e  case  o f  th o s e  whose 
s h a p e - s t r a in s  oppose th e  a p p l ie d  s t r a i n  f u r th e r  s t r e s s - in d u c e d  phenomena 
o ccu r w hich w i l l  be d e s c r ib e d  below .
2 .22  P s e u d o e la s t ic i ty  in  S in g le  C ry s ta l  M a r te n s ite s
The s t r e s s - s t r a i n  b eh a v io u r o f a  f u l l y  m a r t e n s i t i c  a l lo y  i s  shown in  F ig u re  15. 
The m acroscop ic  b e h a v io u r  i s  s im i la r  to  s u p e r e l a s t i c i t y  and i s  c h a r a c te r i s e d  
by r e l a t i v e l y  la rg e  r e v e r s ib l e  e l a s t i c  s t r a i n s .  T h is has le d  to  th e  term s 
f e r r o - e l a s t i c  o r r u b b e r - l ik e  b eh av io u r b e in g  used  to  d e s c r ib e  t h i s  b e h a v io u r . 
An a d d i t io n a l  f e a tu r e  o f t h i s  phenomena i s  t h a t  i f  th e  specim en i s  aged 
in  th e  s t r a in e d  c o n d i t io n  f o r  a s u f f i c i e n t  tim e , th e r e  i s  a s t a b i l i z a t i o n  
o f  th e  deform ed s t a t e  and th e  r u b b e r - l ik e  b e h a v io u r th e n  o c c u rs  ab o u t t h i s  
new r e fe re n c e  s t a t e .  The r u b b e r - e f f e c t  has been  o b served  in  many sy stem s, 
eg Cu-Au-Zn (46) , CuZnAl (47) b u t h as  been  s tu d ie d  m ost e x te n s iv e ly  in  
AuCd (48 , 49, 50) and In -T l a l lo y s  (51 , 5 2 ) .
In  s in g le  c r y s t a l  s tu d ie s ,  m ic ro sco p ic  o b s e rv a tio n s  su g g e s t t h a t  d e fo rm a tio n  
o f t h i s  ty p e  i s  produced by th e  d isp la c e m e n t o f tw in  b o u n d a rie s  w i th in  
th e  m a r te n s i te .  In  th e  case  o f Au-Cd and I n - T l ,  th e s e  tw in s  a r e  p r e s e n t  
as  th e  so u rce  o f l a t t i c e - i n v a r i a n t  s t r a i n  d u rin g  t r a n s fo rm a tio n ,  and th e  
tw ins c o n ta in  re g io n s  o f a l t e r n a t i v e  s h a p e - s t r a in  to  th a t  in  th e  r e s t  o f 
th e  p l a t e .  Thus on d e fo rm a tio n , f o r  th e  therm odynam ic c o n s id e ra t io n s  
m entioned above, one s h a p e - s t r a in  w i l l  become more s t a b l e  th a n  th e  o th e r s  
( ie  th e  one t h a t  b e s t  accommodates th e  a p p l ie d  s t r a i n )  and th e r e  i s  th e n  a 
d r iv in g  fo rc e  f o r  th e  c o n v e rs io n  o f one s h a p e - s t r a in  to  a n o th e r  by tw in n in g  
r e s u l t in g  in  th e  m otion  o f th e  tw in  b o u n d a r ie s . On u n lo a d in g , w ith  th e
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FIGURE 15 -  S t r e s s - S t r a in  B ehaviour o f  a M a r te n s i t ic  A llo y  (4 5 ) .
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rem oval o f th e  e x te r n a l ly  imposed i n s t a b i l i t y ,  th e re  i s  a r e v e r s e  m otion  
o f th e  tw in  b o u n d a rie s  w hich r e s to r e s  th e  o r ig i n a l  th e rm o e la s t ic  e q u i l ib r iu m . 
T h is  movement o f  tw in  b o u n d a rie s  on lo a d in g  r e s u l t s  in  an in c re a s e  in  
th e  volume f r i c t i o n  o f one o f th e  s h a p e - s t r a in s  and a d e c re a se  in  th e  
o th e r s ,  which g e n e ra te s  a m ic ro sco p ic  change o f  sh ap e . T h is  change o f 
sh ap e , how ever, i s  r e v e r s ib l e  as a r e s u l t  o f th e  r e v e r s e  m otion  o f th e  
tw in  b o u n d a rie s  on u n lo a d in g . U n like  e l a s t i c  tw in n in g  (53 , 54 , 55) th e  
d r iv in g  fo rc e  f o r  th e  r e v e r s e  m otion  o f tw in  b o u n d a rie s  i s  n o t produced 
s o le ly  by e l a s t i c  accommodation s t r e s s e s  around th e  tw in s , s in c e  th e r e  i s  
a  tim e dependent s t a b i l i z a t i o n  e f f e c t .  T h is  su g g e s ts  t h a t  th e  f re e -e n e rg y  
p e r  u n i t  volume in  th e  r e g io n  swept by th e  boundary i s  te m p o ra r i ly  in c re a s e d ,  
b u t may be d e c re a se d  by a th e rm a lly  a c t iv a te d  r e la x a t io n  p ro c e s s .  V arious 
s p e c u la t io n s  have been  made abou t th e  n a tu re  o f th e  volume f r e e -e n e rg y  
d r iv in g  f o r c e ,  p o s s ib le  mechanisms b e in g :
( i )  a tr a n s fo rm a tio n  o f e x i s t in g  d is lo c a t io n s  o r lo n g -ra n g e  o rd e r  
domain b o u n d a rie s  in to  h ig h -e n e rg y  d e fe c ts  d u rin g  th e  
tr a n s fo rm a tio n  (4 9 ) .
( i i )  The c r e a t io n  o f d e f e c ts  o r  a new s t r u c t u r e  by th e  moving 
in t e r f a c e .
( i i i )  A change in  s h o r t- r a n g e  o rd e r .
B arce lo  e t  a l  (56) in  a  s tu d y  o f a tw inned 18R CuZnAl s in g le  c r y s t a l  have  
r u le d  o u t ( i )  and ( i i )  as p o s s ib le  mechanisms and p ropose (57) an 
o r d e r /d i s o r d e r  mechanism as th e  so u rce  o f t h i s  r e v e r s e  tw in -b o u n d ary  
d r iv in g  f o r c e ,  how ever, a t  p re s e n t  th e re  i s  no f irm  ev id en ce  f o r  any 
g e n e ra l is e d  mechanism.
The above o b se rv a tio n s  have a l l  been made on s in g le  c r y s t a l  m a r te n s i te s  
c o n ta in in g  tw in s . In  th e  ca se  o f s in g le  c r y s t a l  3-specim ens tra n s fo rm e d  to  
m u l t iv a r ia n t  m a r te n s i te  and in  p o ly c r y s t a l s ,  th e re  i s  an a d d i t io n a l
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mechanism f o r  th e  r u b b e r - e f f e c t , s in c e  th e r e  i s  now th e  p o s s i b i l i t y  o f  
movement o f i n t e r v a r i a n t  p l a t e  b o u n d a rie s  in  re sp o n se  to  a p p l ie d  s t r e s s .  
F ig u re  16 i l l u s t r a t e s  th e  r e l a t io n s h ip  betw een v a r ia n t s  in  an 18R fo u r  
h a b i t - p la n e  v a r i a n t ,  se lf-accom m odating  p la te -g ro u p  (Group I I  in  F ig u re  9 ) .  
An im p o rta n t f e a tu r e  o f th e s e  p la te -g ro u p  v a r i a n t s  i s  t h a t  th e y  a r e  tw in -  
r e l a t e d ,  th e  i n t e r v a r i a n t  p la n e s  (eg betw een 1! & 5 and 1’ & 2) b e in g  
m ir ro r  p la n e s .  Thus th e  grow th o f one v a r i a n t  a t  th e  expense o f  a n o th e r  
i s  e s s e n t i a l l y  a tw in n in g  p ro c e s s ,  eg f o r  1 ’ & 5 and 1' & 2, (128) 18R
and d » 0 , 10) tw in n in g  r e s p e c t iv e ly .
2 .23  P s e u d o e la s t ic i ty  in  M u lt iv a r ia n t  M a r te n s ite s
The e f f e c t  o f e x te r n a l  s t r e s s  on a m u l t iv a r ia n t  m a r te n s i te  m orphology i s  
th e  d e s t a b i l i z a t i o n  o f th e  v a r i a n t s  whose s h a p e - s t r a in s  oppose th e  a p p l ie d  
s t r a i n  and th e  s t a b i l i z a t i o n  o f th o se  w hich b e s t  accommodate th e  a p p l ie d  
s t r a i n .  T his th e n  r e s u l t s  in  th e  o p e ra t io n  o f th e  tw inn ing  modes betw een 
p re v io u s ly  se lf-accom m odating  v a r i a n t s ,  such t h a t  th e  d e s ta b i l i z e d  v a r i a n t s  
a re  consumed, and a p redom inan t v a r i a n t  i s  produced  w hich accommodates 
th e  a p p l ie d  s t r a i n  ( t h i s  i s  i l l u s t r a t e d  in  a two v a r ia n t  ana logue  in  
F ig u re  17). In  th e  c a se  o f i n t e r v a r i a n t  c o n v e rs io n , th e  therm odynam ic 
b eh av io u r can be d e s c r ib e d  a d e q u a te ly  by e l a s t i c  tw in n in g  m ode ls , w here 
th e  th e rm o e la s t ic  b a la n c e  becomes (1 9 ):
V r < d i ER + 9V  + 5eR (9)
Where th e  s u b s c r ip t  R in d ic a te s  th e  r e o r i e n t a t i o n  s t r a i n  ( r a th e r  th a n  th e  
t r a n s fo rm a tio n  s t r a i n s  in  e q u a tio n s  3 and 8 ) .
i s  n o t in c lu d e d  f o r  t h i s  phenomena s in c e  th e  p a re n t  p hase  has 
p re v io u s ly  tran sfo rm e d  to  se lf-accom m odating  m a r te n s i te .
I t  can be seen  from  t h i s  b a la n c e  th a t  th e  s to r e d  e l a s t i c  s t r a in - e n e r g y  in  
th e  r e s i s t i v e  term s i s  r e s p o n s ib le  f o r  th e  r e v e r s e  m otion o f th e  i n t e r v a r i a n t
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FIGURE 16 -  R e la tio n s h ip  betw een Four H a b it-P la n e  V a r ia n ts  in  a S e l f -
Accommodating P la te  Group (Group I I  in  F ig u re  9 ) .  (5 8 ) .
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Two V a r ia n t Analogue o f P s e u d o e la s t ic  R e o r ie n ta t io n
(a ) S tr e s s - F r e e  -  eq u a l p r o b a b i l i t y  o f v a r i a n t s  1 & 2.
(b) S tr e s s  F avou ring  V a r ia n t 1 -  p ro d u c in g  r e o r i e n t a t i o n
to  v a r i a n t  1 and th e  fo rm a tio n  o f a p redom inan t v a r i a n t  
accommodating th e  e x te r n a l  s t r a i n .
(c) S tr e s s  F avouring  V a r ia n t 2 -  r e o r i e n t a t i o n  to  v a r i a n t  2 
and accommodation o f th e  imposed s t r a i n  (5 9 ) .
in t e r f a c e s  on th e  rem oval o f an a p p l ie d  s t r e s s .  In  p o ly c r y s t a l l i n e  a l lo y s ,  
such as th e  CuZnAl SME a l lo y s ,  t h i s  i n t e r v a r i a n t  c o n v e rs io n  i s  th e  m ajor 
so u rce  o f p s e u d o e la s t ic i ty  in  th e  m a r t e n s i t i c  c o n d i t io n ,  and has le d  
to  a f u r th e r  name f o r  t h i s  phenomena, -  P s e u d o e la s t ic i ty  by R e o r ie n ta t io n .
Thus i t  can  be seen  t h a t  d e fo rm a tio n  o f m a r t e n s i t i c  a l lo y s  p ro ceed s  by th e  
r e o r i e n t a t i o n  o f  th e  m a r te n s i te s .  T h is i s  ach iev ed  by e i t h e r  th e  movement 
o f tw in -b o u n d a rie s  w ith in  m a r te n s i te  p l a t e s ,  o r  in  m u l t i - v a r i a n t  m orpho log ies 
by th e  in te r c o n v e r s io n  o f v a r i a n t s  w ith in  th e  th e rm a lly - in d u c e d  s e l f -  
accommodating p la te - g r o u p s . The e x te r n a l  s t r a i n  i s  th e n  accommodated by 
th e  fo rm a tio n  o f a p redom inan t v a r i a n t .
The amount o f p s e u d o e la s t ic  s t r a i n  re c o v e ry  by r e o r i e n t a t i o n  i s  a fu n c tio n  
o f te m p e ra tu re  (F ig u re  18 ). The is o th e rm a lly  i r r e v e r s i b l e  s t r a i n  component 
i s  a com bination  o f i r r e v e r s i b l e  p l a s t i c  flow  and s t a b i l i z e d  r e o r i e n t a t i o n  
( th e  amount o f  t h i s  "perm anent" s t r a i n  in c re a s in g  as th e  d e fo rm a tio n  
te m p e ra tu re  i s  d e c re a s e d ) .  The amount o f p l a s t i c  flow  i s  g e n e ra l ly  sm a ll, 
i f  th e  imposed s t r a i n  i s  n o t la rg e  and th u s  in  a d d i t io n  to  a r e v e r s ib l e  
p s e u d o e la s t ic  re sp o n se  fo llo w in g  u n lo a d in g , "perm anent" s t r a i n s  can a l s o  
be g e n e ra te d  by r e o r i e n t a t i o n .
2 .3  M a r te n s ite  to  M a r te n s ite  T ran sfo rm a tio n s
R ecen t work has shown t h a t  in  a d d i t io n  to  r e o r i e n t a t i o n  e f f e c t s  w i th in  
th e  m a r te n s i te  m orphology, w hich u l t im a te ly  c r e a te s  a s in g le  c r y s t a l  o f  a 
p r e f e r r e d  m a r te i is i te  v a r i a n t ,  s t r e s s  can a l s o  induce a tr a n s fo rm a tio n  from  
a m a r te n s i te  s in g le  c r y s t a l  to  a new m a r t e n s i t i c  p h ase . T h is  has  been  
observed  in  a number o f sy stem s, Au-Cd, CuAINi and CuZnAl, and a ty p i c a l  
example i s  t h a t  o f CuZnAl s in g le  c r y s t a l s  o f  18R m a r te n s i te  w hich when 
deform ed in  te n s io n  n e a r  th e  [ 100]^ , d i r e c t i o n ,  tra n s fo rm  r e v e r s ib ly
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The E f f e c t  o f T em perature on th e  I r r e v e r s i b l e  S t r a i n  in  
CuZnSn d u rin g  P s e u d o e la s t ic  R e o r ie n ta t io n  (41)
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to  a fe e  phase  formed by sh e a r  on (0 0 1 )o1 and in  th e  [ 100] ol d i r e c t i o n  (6 0 ) .
■ p . p
T his a d d i t io n a l  t r a n s fo rm a tio n  b eh av io u r i s  a f u r th e r  so u rce  o f 
p s e u d o e la s t ic i ty  by tr a n s fo rm a tio n .
The p o s s i b i l i t y  o f m a r te n s i te  to  m a r te n s i te  tra n s fo rm a tio n s  le a d s  to
m u l t is ta g e  p s e u d o e la s t ic i ty  from  b o th  p a re n t  phase  and th e rm a lly - in d u c e d
m a r te n s i te .  In  th e  ca se  o f th e  p a re n t  p h a se , by tra n s fo rm a tio n  from
3-p h a se  to  a s t r e s s  induced  3 * m a r te n s i te  fo llo w ed  by r e o r i e n t a t i o n  and
se c o n d -s ta g e  tr a n s fo rm a tio n ,  and from  th e rm a lly - in d u c e d  m a r te n s i te  by
r e o r i e n t a t i o n  fo llo w ed  by m a r te n s i te  to  m a r te n s i te  tr a n s fo rm a tio n .  A
ty p ic a l  example o f t h i s  b e h a v io u r i s  shown in  F ig u re  19 f o r  a  Cu-A l-N i
a l lo y .  In  t h i s  a l lo y  th e r e  i s  tw o -s ta g e  tr a n s fo rm a tio n a l  p s e u d o e la s t ic i ty
from  b o th  p a re n t  phase  and m a r te n s i te  s in c e  th e  th e rm a lly - in d u c e d  m a r te n s i te
d i f f e r s  from  th e  f i r s t  s t r e s s - in d u c e d  m a r te n s i te .  Thus th e  sequence o f
m a r te n s i te s  d u rin g  d e fo rm a tio n  a t  T < Mf i s  y T 3 T a 1, and a t  T > Af
3 3 f ot’ . The c r y s t a l  s t r u c tu r e s  o f th e s e  m a r te n s i te s  a re  shown in
F ig u re  20. A ll a r e  lo n g -p e r io d  s ta c k in g  s t r u c tu r e s  w ith  a common b a s a l
p la n e , th e  d i f f e r e n c e s  ly in g  in  th e  s ta c k in g  sequence o f th e  ( 100) A
MAK1
p la n e s .
Each o f th e s e  tr a n s fo rm a tio n s  has a w e ll -d e f in e d  th re s h o ld  s t r e s s  a t  any 
te m p e ra tu re  (a s  shown in  F ig u re  21) and a d iagram  can be c o n s tru c te d  fo r  
a s in g le  a l lo y  showing th e  s ta b l e  m a r t e n s i t i c  p h ases  under any c o n d i t io n s  
o f s t r e s s  and te m p e ra tu re  (F ig u re  2 2 ) . I t  i s  c l e a r  th a t  th e  s t r e s s -  
th re s h o ld s  fo r  m a r te n s i te  to  m a r te n s i te  t r a n s fo rm a tio n  a re  r e l a t i v e l y  
u n a f fe c te d  by te m p e ra tu re , in  c o n t r a s t  to  th e  p a r e n t  phase to  m a r te n s i te  
th re s h o ld .
T his r e f l e c t s  th e  sm all en tro p y  change f o r  th e  m a r te n s i te  to  m a r te n s i te  
tra n s fo rm a tio n .
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19 -  Two-Stage S tre s s - In d u c e d  T ra n s fo rm a tio n  B ehav iour in  CuAINi
as  a F u n c tio n  o f T e s tin g  T em perature (6 1 ) .
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FIGURE 20 -  R e la tio n s h ip  betw een th e  C ry s ta l  S tru c tu r e s  o f  y f Sf -a’
M a r te n s ite s  in  CuAINi (6 2 ) .
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FIGURE 21 -  S t r e s s  T h resh o ld s  f o r  M a r te n s i te  to  M a r te n s ite  T ra n s fo rm a tio n
in  CuAINi (61) .
4-1cn
T em pera tu re
FIGURE 22 -  Schem atic Phase D iagram in  S tre s s /T e m p e ra tu re  Space f o r
CuAINi (6 1 ) .
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2.31 The O rig in  o f M a r te n s ite  to  M a r te n s ite  T ran sfo rm a tio n  
F or m a r te n s i te  to  m a r te n s i te  tr a n s fo rm a tio n  to  o ccu r s t r e s s  m ust i n t e r a c t  
w ith  th e  m a r te n s i t i c  phases  such th a t  t h e i r  r e l a t i v e  s t a b i l i t y  a r e  a l t e r e d  
( t h i s  i s  i l l u s t r a t e d  s c h e m a tic a lly  in  F ig u re  2 3 ) . Thus on in c re a s in g  
th e  a p p lie d  s t r e s s  th e  f r e e - e n e r g y / s t r e s s  cu rv es  m ust c r o s s ,  such  th a t  
therm odynamic e q u i l ib r iu m  p o in ts  Gq a r i s e .  In  t h i s  case  a t  p a r t i c u l a r  
l e v e ls  o f  s t r e s s  th e r e  i s  a change to  th e  m a r t e n s i t i c  p h a se , w ith  
th e  lo w est f r e e - e n e rg y .  However, s in c e  t h i s  m a r te n s i t i c  p hase  i s  o n ly  
" s t a b le "  as a r e s u l t  o f th e  in t e r a c t io n  w ith  th e  a p p l ie d  s t r e s s  t h i s  new 
phase  w i l l  r e v e r t  back  on th e  rem oval o f th e  s t r e s s . .
F or t h i s  tr a n s fo rm a tio n  b e h a v io u r to  o ccu r i t  i s  c l e a r  t h a t  th e  s t r e s s  
in t e r a c t io n  term s m ust be s i g n i f i c a n t l y  d i f f e r e n t  in  th e  m a r t e n s i t i c  phases  
such t h a t  th e  s lo p e s  o f  th e  G*/d l i n e s  a re  d i f f e r e n t  and a t  some le v e ls  
o f s t r e s s  c ro s s  one a n o th e r .
The so u rce  o f t h i s  d i f f e r e n c e  in  i n t e r a c t io n  can be seen  by c o n s id e r in g  
e q u a tio n s  7 and 8 . E q u a tio n  7 shows th e  r o le  o f  an in t e r a c t io n  te rm  in  
a l t e r i n g  th e  th e rm o e la s t ic  b a la n c e  o f a tr a n s fo rm a tio n ,  and e q u a tio n  8 
P a te l  and Cohen’ s (35) e v a lu a t io n  o f t h i s  i n t e r a c t i o n  in  term s o f  th e  
work done by th e  t r a n s fo rm a tio n .  I f  th e s e  m a r t e n s i t i c  tr a n s fo rm a tio n s  a r e  
a l l  co n s id e re d  w ith  r e s p e c t  to  8-p h ase  where th e  t r a n s f o r m a t io n a l / s t r e s s  
in t e r a c t io n  te rm  m ust be z e ro , i t  i s  c l e a r  t h a t  th e  s lo p e s  o f th e  G*/a 
m ust be th e  work done by th e  tr a n s fo rm a tio n ,  g iv en  by e q u a tio n  8 . The 
i n t e r a c t io n  te rm  th u s  depends on th e  a p p l ie d  s t r e s s ,  th e  m olar volume 
o f th e  p h ase , th e  h a b i t - p la n e  o r i e n t a t i o n ,  and th e  t r a n s fo rm a tio n a l  s h e a r  
and d i l a t i o n s .  C o n sid e rin g  d i f f e r e n c e s  betw een th e  phases as p o t e n t i a l  
so u rces  o f v a r i a t i o n  in  in t e r a c t io n  te rm s , i t  i s  c l e a r  t h a t  s in c e  th e  
volume changes a s s o c ia te d  w ith  tra n s fo rm a tio n  a re  s m a ll, m olar volume 
i s  n o t th e  most s ig n i f i c a n t  f a c t o r ,  n o r i s  th e  h a b i t - p la n e  o r i e n t a t i o n  s in c e
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FIGURE 23 -  Schem atic R e p re s e n ta tio n  o f th e  E f f e c t  o f S t r e s s  on th e
F re e -E n e rg ie s  o f  th e  M a r te n s i t ic  P hases in  a M u lti -M a r te n s ite  
System (2 1 ) .
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in  m ost system s th e  i n t e r a c t io n  te rm  can be m axim ised due to  th e  
p o s s i b i l i t y  o f many h a b i t - p la n e  v a r i a n t s . The m ost s ig n i f i c a n t  f a c to r  
th e r e f o r e  ap p ea rs  to  be th e  d if f e r e n c e s  in  sh e a r  and d i l a t i o n a l  s t r a i n s  
( s h e a r  b e in g  most s i g n i f i c a n t  in  th e  c a se  o f  th e se  m a r t e n s i t i c  t r a n s f o r m a t io n s ) . 
T ab le  6 shows th e  t r a n s fo rm a tio n a l  sh e a r  and d i l a t i o n  s t r a i n s  d e r iv e d  
from  phenom enolog ical th e o ry  f o r  3 y T and 3 $ T t r a n s fo rm a tio n .  I t  i s  
c l e a r  t h a t  th e r e  a re  s i g n i f i c a n t  d i f f e r e n c e s  in  th e  sh e a r s t r a i n s  ( th e  sh e a r  
to  a '  from  3 w i l l  be even l a r g e r ) . Thus th e  s ig n i f i c a n t  d i f f e r e n c e s  in  
s t r e s s  i n t e r a c t io n  te rm s a r i s e  as a r e s u l t  o f th e  d i f f e r e n c e s  in  th e  
m agnitude o f th e  t r a n s fo rm a tio n a l  s h e a r s ,  and p roduces th e  p o s s i b i l i t y  o f  
m a r te n s i te  to  m a r te n s i te  t r a n s fo rm a tio n  on in c re a s in g  th e  le v e l s  o f a p p l ie d  
s t r e s s .  A d d itio n a l q u a n t i t a t iv e  d e t a i l s  o f  t h i s  e f f e c t  w i l l  be d e a l t  w ith  
in  C h ap te r 9 where th e y  a re  r e le v a n t  to  th e  c a lc u la t io n  o f  th e  therm odynam ics 
o f th e  m a r te n s i te  to  m a r te n s i te  tr a n s fo rm a tio n  in  CuZnAl SHE a l lo y s .
2 .32  M a r te n s ite  to  M a r te n s ite  T ran sfo rm a tio n  in  CuZnAl A llo y s  
In  CuZnAl SME a l lo y s ,  tw o -s ta g e  p s e u d o e la s t ic i ty  i s  observed  from  th e  p a re n t  
p h ase , th e  sequence b e in g  3 S’ a 1 . In  c o n t r a s t  to  CuAINi how ever, 
on ly  s in g le - s t a g e  p s e u d o e la s t i c i ty  by tr a n s fo rm a tio n  (3* -** a 1) i s  o b se rv ed  
from  th e  m a r t e n s i t i c  c o n d i t io n  as a r e s u l t  o f th e  fo rm a tio n  o f 3 T r a th e r  
th a n  y T d u rin g  th e  th e rm a lly - in d u c e d  tr a n s fo rm a tio n .  The so u rce  o f  t h i s  
d i f f e r e n c e  d u rin g  th e  th e rm a lly - in d u c e d  tra n s fo rm a tio n  i s  n o t c l e a r .  Arnedo 
and A h le rs  (64) h av e , how ever, c a lc u la te d  t h a t  th e  hep phase  sh o u ld  b e  
th e  most s ta b le  in  3-Cu-Zn a l lo y s ,  and c o n s id e r  t h a t  h a b i t - p la n e  and 
in v a r i a n t  p la n e  s t r a i n  c r i t e r i a  fo rc e  th e  fo rm a tio n  o f  3 ’ on th e  sy stem .
A 2H (hep) m a r te n s i te  h a s ,  how ever, been  induced  from  18R (65) i f  s in g le  
c r y s t a l s  a re  deform ed in  h ig h ly  s p e c i f i c  c r y s ta l lo g r a p h ic  d i r e c t i o n s  such  
t h a t  th e  s t r e s s  can induce  no o th e r  m a r t e n s i t i c  p h ase , and th u s  shows t h a t  
th e re  i s  th e  p o s s i b i l i t y  o f  a hexagonal p h ase  in  CuZnAl a l lo y s .
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TABLE 6 -  PHENOMENOLOGICAL THEORY SHEAR AND DILATION
STRAINS IN CuAINi (63)
m1 0.095845 0.16862
m1 -0 .00295 -0 .00295
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The second s ta g e ,  3 ’ +  a ’ s t r e s s - in d u c e d  tra n s fo rm a tio n  in v o lv e s  th e  
rem oval o f s t r u c t u r a l  s ta c k in g - f a u l t s  from  th e  o rtho rhom bic  18R s t r u c t u r e .
This can be d e s c r ib e d  by th e  p assag e  o f  Shockley p a r t i a l  d i s lo c a t io n s  
on ev ery  t h i r d  c lo se -p a c k e d  p la n e  which remove th e  s ta c k in g  f a u l t s  from  
th e  o rtho rhom bic  s t r u c t u r e  and g e n e ra te s  th e  f c t  l a t t i c e .
The m u l t i - s ta g e  tr a n s fo rm a tio n  b eh av io u r in  CuZnAl i s  i l l u s t r a t e d  in
F ig u re  2 4 , . and r e s u l t s  in  th e  t r a n s fo rm a tio n  s t r e s s - th r e s h o ld s  in  F ig u re  25.
T his f ig u r e  a ls o  i l l u s t r a t e s  th e  e f f e c t  o f  co m p o sitio n  on th e s e  th re s h o ld s
and i t  can be seen  th a t  th e  3 3 T th re s h o ld  i s  r e l a t i v e l y  u n a f fe c te d  by
co m p o sitio n , w hereas th e  th re s h o ld  f o r  3 T a ’ t r a n s fo rm a tio n  i s  h ig h ly
com p o sitio n  s e n s i t i v e ,  w ith  a d e c re a se  in  th e  t r a n s fo rm a tio n a l  s t r e s s -
th re s h o ld s  a t  low er A l-c o n te n ts  (o r  low er e / a  r a t i o s ) .  T h is i s  i l l u s t r a t e d
in  F ig u re  26 w hich a d d i t io n a l ly  shows th e  e f f e c t  o f co m p o sitio n  on 
u 1-H3 *0 , th e  a T r e v e r s io n  th r e s h o ld .  I t  i s  c l e a r  t h a t  a t  low A l-c o n te n ts
ct  ^~)~p ^
d < 0  and th u s  on u n lo a d in g  a T m a r te n s i te s  a r e  r e ta in e d ,  as  has been
o b served  e x p e r im e n ta lly  (67 , 6 8 ).
2 .40  Summary
The s t r e s s  e f f e c t s  in  n o b le -m e ta l 3 -  phase  a l lo y s  s u s c e p t ib le  to  m a r t e n s i t i c  
tra n s fo rm a tio n  th e r e f o r e  in v o lv e  th e  s t r e s s - a s s i s t e d  r e o r i e n t a t i o n  o f 
th e rm a lly - in d u c e d  v a r i a n t s  a n d /o r  th e  s t r e s s - in d u c e d  tr a n s fo rm a tio n  to  
m a r te n s i te  v ia  a m u l t i - s ta g e  tra n s fo rm a tio n  p ro c e s s .  These p ro c e s s e s  
g e n e ra te  a predom inant v a r i a n t  whose tra n s fo rm a tio n  s t r a i n  b e s t  accommodates 
th e  imposed s t r a i n ,  and th e  m acroscopic  shape-change o f a specim en th u s  
r e s u l t s  from  th e  sum o f th e  predom inan t v a r i a n t  s h a p e - s t r a i n s . S ince  
t h i s  m acroscopic  s t r a i n  i s  g e n e ra te d  by tr a n s fo rm a tio n ,  on th e  rem oval o f 
s t r e s s ,  th e  s t r a i n  i s  reco v e re d  p s e u d o e la s t ic a l ly  by r e v e r s io n  o r by th e  
r e tu r n  to  a se lf-accom m odating  m orphology. In  some c a s e s ,  how ever, "perm anen t" 
s t r a i n  can rem ain  on u n lo a d in g , as a r e s u l t  o f e i t h e r  s t a b i l i z a t i o n  o f 
r e o r ie n te d  m a r te n s i te  o r  due to  th e  n o n - re v e rs io n  o f SIM.
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C r i t i c a l  S tr e s s e s  to  form  a ’ M a r te n s ite  as a F u n c tio n  o f  e / a  
(o r  c o m p o s itio n ) , a -  a x i a l  s t r e s s ,  x -  r e s o lv e d  s t r e s s  (6 6 ) .
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CHAPTER THREE
3 .0  SHAPE-MEMORY PHENOMENA
IN 6-PHASE ALLOYS
CHAPTER THREE
3 .0  Shape-Memory Phenomena
I t  i s  c l e a r  from  th e  m echan ica l p r o p e r t i e s  o f  m a r te n s i t i c  3 -p h ase  a l lo y s  
th a t  changes in  m acroscop ic  shape change can be g e n e ra te d  by tr a n s fo rm a tio n  
and r e o r i e n t a t i o n ,  r a th e r  th a n  by th e  u s u a l p ro c e s se s  o f p l a s t i c  d e fo rm a tio n . 
I t  i s  th e s e  phenomena w hich a re  r e s p o n s ib le  f o r  th e  observed  shape-memory 
e f f e c t s  in  3 -phase  a l lo y s .
3.1 One-Way Shape-Memory E f f e c t
The one-way shape-memory e f f e c t  i s  i l l u s t r a t e d  in  F ig u re  1, and th e  p ro d u c tio n  
o f t h i s  e f f e c t  in v o lv e s  th e  d e fo rm a tio n  o f an a l lo y  such th a t  th e  a p p l ie d  
s t r a i n  i s  n o t f u l l y  re c o v e re d  on th e  rem oval o f s t r e s s .  On h e a t in g ,  t h i s  
r e s id u a l  s t r a i n  i s  g ra d u a l ly  re c o v e re d  as th e  te m p e ra tu re  i s  r a i s e d  above 
a c r i t i c a l  te m p e ra tu re  (F ig u re  2 7 ).
3.11 The In tro d u c t io n  o f One-Way Shape-Memory in  A llo y s
The one-way memory can be in tro d u c e d  in to  an a l lo y  in  a number o f w ays:
(a) T h erm ally -in d u ced  m a r te n s i te s  can be deform ed a t  T<Mf, shape 
re c o v e ry  o c c u rr in g  on h e a t in g  th ro u g h  th e  te m p e ra tu re  ran g e  
As to  A f, eg 3 -phase  a l lo y s ,  I n - T l .
(b) M a r te n s ite s  can be induced  in  th e  te m p e ra tu re  range  Ms to  
b u t <Af, shape reco v e ry  o c c u r r in g  on h e a t in g  th rough  th e  
te m p e ra tu re  range  As to  A f, eg Cu-Sn (6 9 ) .
(c) A th e rm a lly - in d u c e d  m a r te n s i te  can  be deform ed below  Ms and th e  
shape reco v e re d  on h e a t in g  below  As , eg NiAl (7 0 ) .
A lthough th e  d e fo rm a tio n  and re co v e ry  mechanisms d i f f e r  s l i g h t l y  betw een 
th e se  r o u te s ,  a common f e a tu r e  i s  th a t  a l l  th e  d e fo rm a tio n  s ta g e s  g e n e ra te  
a predom inant v a r ia n t  which i s  n o t f u l l y  r e v e r te d  on th e  rem oval o f s t r e s s ,
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FIGURE 27
“G S h a p e  m em ory
Strain
Schem atic R e p re s e n ta tio n  o f a S t r e s s - S t r a in  Curve showing 
th e  Shape-Memory e f f e c t  by M a r te n s ite  F orm ation  o r  r e o r i e n t a t i o n ;
(a )  th e  D eform ation  S tage  (b) th e  Shape-R ecovery W hile H ea tin g  
th e  Specimen (3 6 ) .
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and i t  i s  th e  p re se n c e  o f t h i s  p redom inan t v a r i a n t  w ith in  th e  m ic ro s t ru c tu r e  
w hich i s  r e s p o n s ib le  f o r  th e  r e s id u a l  d e fo rm a tio n  s t r a i n .  In  th e  ca se  
o f ro u te s  (a) and (c ) d e fo rm a tio n  p roduces th e  predom inan t v a r i a n t  by 
r e o r i e n t a t i o n  o f  se lf-accom m odating  v a r i a n t s .  As d is c u s se d  in  2 .2 3 , th e  
amount o f  t h i s  r e s id u a l  s t r a i n  i s  te m p e ra tu re  depen d en t, th e  low er th e  
d e fo rm a tio n - te m p e ra tu re , th e  l a r g e r  th e  r e s id u a l  s t r a i n  r e s u l t i n g  from  
r e o r i e n t a t i o n .  In  ro u te  (b) th e  p redom inan t v a r i a n t  i s  g e n e ra te d  by a 
s t r e s s - in d u c e d  tr a n s fo rm a tio n  from  $. However, s in c e  th e  d e fo rm a tio n  
te m p e ra tu re  l i e s  below  th e  A f, th e  SIM i s  s t a b l e  on th e  rem oval o f s t r e s s ,  
r e s u l t i n g  in  a  r e s id u a l  d e fo rm a tio n  s t r a i n .
The te m p e ra tu re  range ov er w hich d e fo rm a tio n  p roduces a one-way memory can 
be seen  from  F ig u re  28. I f  th e  d e fo rm a tio n  te m p e ra tu re  i s  to o  h ig h ,  th e  
b eh av io u r i s  f u l l y  p s e u d o e la s t ic .  As th e  d e fo rm a tio n  te m p e ra tu re  i s  d e c re a se d  
la r g e r  and l a r g e r  r e s id u a l  s t r a i n s  a r e  p ro duced , w hich a re  o n ly  r e c o v e ra b le  
on h e a t in g  ( i e  th e y  g e n e ra te  a one-way memory).
3 .12  The G en e ra tio n  o f  S h a p e -S tra in  on H ea tin g
The re c o v e ry  o f th e  r e s id u a l  d e fo rm a tio n  s t r a i n  in  a l l  th r e e  ro u te s  i s  
a s s o c ia te d  w ith  th e  rem oval o f  th e  d e fo rm a tio n -in d u c e d  m o rp h o lo g ica l ch an g es. 
Where th e  p redom inan t v a r i a n t  i s  g e n e ra te d  by s t a b i l i z e d  r e o r i e n t a t i o n ,  
re c o v e ry  can o ccu r below  th e  As te m p e ra tu re  ( r o u te  ( c ) ) . H ere th e  sh a p e -  
re c o v e ry  i s  a s s o c ia te d  w ith  a r e tu r n  o f th e  r e o r ie n te d  m a r te n s i te  to  th e  
morphology p r io r  to  d e fo rm a tio n . As d is c u s s e d  in  2 .2 3 , th e  m otion  o f  th e  
i n t e r v a r i a n t  b o u n d a rie s  r e s u l t s  in  th e  p ro d u c tio n  o f  a m acro sco p ic  s t r a i n ,  
and th u s  th e  r e tu r n  to  a se lf-accom m odating  m orphology m ust g e n e ra te  an 
in v e rs e  shape-change to  t h a t  g en e ra ted  by th e  d e fo rm a tio n  p ro c e s s .  The 
d r iv in g  fo rc e  fo r  t h i s  f i n v e r s e - r e o r i e n t a t i o n ’ i s  th e  s to r e d  e l a s t i c
energy  and th e  main r e s i s t i v e  term  i s  w hich r e s u l t s  from  i r r e v e r s i b l e
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p l a s t i c  p ro c e s s e s  d u r in g  r e o r i e n t a t i o n .  T h is  ’ in v e rs e  r e o r ie n ta t io n *  
o ccu rs  as a r e s u l t  o f th e  r a p id  d e c re a se  in  th e  s h e a r  e l a s t i c  c o n s ta n ts  
on ap p ro ach in g  th e  m a r t e n s i t i c  t r a n s fo rm a tio n  such th a t  (1 9 ):
3<Ti £R
8T
R
ie  th e  r e s i s t i v e  energy  d e c re a se s  more r a p id ly  w ith  te m p e ra tu re  th a n  th e  
e l a s t i c  energy  d r iv in g  f o r c e .  T h is , how ever, i s  on ly  a v e ry  sm a ll 
component o f th e  re c o v e ry  o f s t r a i n  in  one-way shape-memory.
The m a jo r i ty  o f s t r a in - r e c o v e r y  r e s u l t s  from  h e a t in g  r e s id u a l  p redom inan t 
v a r i a n t s  th ro u g h  th e  te m p e ra tu re  range  As to  A^, r e v e r t in g  them to  3 -p h ase .
In  t h i s  ca se  th e  s t r a i n  re c o v e ry  r e s u l t s  from  th e  c r y s ta l lo g r a p h ic  
r e v e r s i b i l i t y  o f th e  th e rm o e la s t ic  t r a n s fo rm a tio n  w hich r e s to r e s  th e  a l lo y  
to  th e  o r ig i n a l  o r i e n t a t i o n  o f 3 -phase  p r io r  to  d e fo rm a tio n . The 
c r y s ta l lo g r a p h ic  r e v e r s i b i l i t y  of th e s e  m a r t e n s i t i c  tr a n s fo rm a tio n s  r e s u l t s  
from  th e  r e l a t i v e  sym m etries o f th e  p h ases  in v o lv ed  in  th e  t r a n s fo rm a t io n .
The b cc -p h a se  has  h ig h  symmetry, and phenom enolog ical th e o ry  p r e d i c t s  t h a t  
24 v a r ia n ts  o f low symmetry m a r te n s i te  can form  from  a s in g le  3 - o r i e n t a t i o n ,  
i e  t r a n s fo rm a tio n  p ro ceed s  by a one to  many tr a n s fo rm a tio n  pathw ay . However, 
a s  a r e s u l t  o f  th e  low symmetry o f  th e  m a r te n s i te s  th e re  a re  o n ly  a  l im i te d  
number o f pathw ays f o r  r e v e r s e  tr a n s fo rm a tio n .  The number o f  r e v e r s io n  
pathw ays a re  l im i te d  f u r th e r  by th e  a d d i t io n a l  req u ire m e n t t h a t  lo n g -ra n g e  
o rd e r  i s  r e ta in e d  d u rin g  r e v e r s io n .  T h is  i s  i l l u s t r a t e d  s c h e m a tic a l ly  in  
F ig u re  29 fo r  r e v e r s io n  from  th e  m a r te n s i t i c  phase to  B2 o rd e re d  bcc  in  
N iT i. I t  i s  c l e a r  from  F ig u re  29 (a) th a t  th e r e  a re  a number o f  p o s s ib le  
ro u te s  by which th e  m a r te n s i te  cou ld  r e v e r t  to  a bcc s t r u c t u r e ,  how ever 
on ly  ro u te  A g e n e ra te s  th e  B2 o rd e red  p a re n t  (F ig u re  29 (b ))  w hich h as  
th e  c o r r e c t  o rd e r .  In  p r a c t i c e  t h i s  a d d i t io n a l  req u ire m en t l i m i t s  th e
re v e r s io n  pathway to  one ro u te  w hich e x a c t ly  r e s to r e s  th e  o r ig i n a l  3 -p h ase
' * I
o r i e n t a t i o n  and o rd e r .
* See Appendix
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FIGURE 29 -  (a ) T hree P o s s ib le  L a t t i c e  C orrespondences in  th e  R ev erse
T ra n s fo rm a tio n  from M a r te n s ite  to  B2M3rdered bcc  in  N iT i.
(b) Atomic C o n f ig u ra tio n  o b ta in e d  by th e  R everse T ra n s fo rm a tio n  
f o r  v a r i a n t  A in  (1 ) .
(c ) T hat f o r  v a r ia n t  B in  ( a ) .  The p r o je c t io n  p la n e  i s  
The l a r g e r  and s m a lle r  c i r c l e s  r e p r e s e n t  atom  p o s i t i o n s  in  
a l t e r n a t e  ^ ^ 1 ) ^  p la n e s .  The arrow s in d ic a te d  by s o l id  and 
b roken  l i n e s  r e p re s e n t  u n lik e  and l i k e  atoms in  th e  n e a r e s t  
n e ig h b o u r p o s i t io n s  r e s p e c t iv e ly  (7 1 ) .
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The r e s id u a l  s t r a i n  in  one-way SME a l lo y s  r e s u l t s  from th e  g e n e ra t io n  o f 
a p redom inan t v a r i a n t  w ith in  th e  m a r te n s i te  p la te - g r o u p s . T h is v a r i a n t ,  
how ever, was p re s e n t  in  th e  o r ig i n a l  se lf-accom m odating  p la te -g ro u p  and 
th u s  on r e v e r s io n  m ust r e tu r n  v ia  i t s  s in g le  pathway to  th e  o r ig in a l  
3 - o r ie n t a t i o n  ( p r io r  to  d e fo rm a tio n ) . T h is  r e v e r s io n  th e r e f o r e  p roduces 
th e  in v e rs e  shape-change to  t h a t  induced  by d e fo rm a tio n  and m ust th e r e f o r e  
r e s to r e  th e  o r ig i n a l  sh ap e .
The a b i l i t y  to  induce r e s id u a l  s t r a i n  by m a r te n s i te  tr a n s fo rm a tio n  and 
r e o r i e n t a t i o n ,  and to  su b se q u e n tly  r e s to r e  by h e a t in g  th e  o r ig i n a l  
3 - o r ie n ta t io n  p r io r  to  d e fo rm a tio n  i s  th u s  th e  main mechanism o f th e  one-way 
shape-memory e f f e c t .
3 .13  D riv in g  F orce  f o r  One-Way SME
The d r iv in g  fo rc e  f o r  t h i s  e f f e c t  i s  a com bination  o f  th e  chem ica l d r iv in g  
fo rc e  f o r  r e v e r s io n ,  A G ^ |L , and th e  s t r a i n  and i n t e r f a c i a l  f r e e - e n e r g ie s  
a r i s i n g  from  b o th  tr a n s fo rm a tio n  and r e o r i e n t a t i o n .  Thus r e v e r s io n  o ccu rs  
and g e n e ra te s  a spon taneous s t r a i n  reco v e ry  when (1 9 ) :
l A G ^ I  > l A G ^ I
Where: AG^*^ i s  th e  f re e -e n e rg y  d r iv in g  fo rc e  f o r  r e v e r s io n  (ch em ica l '•+ s t r a i n
energy  + i n t e r f a c i a l ) .
AG?"^ i s  th e  r e s i s t i v e  energy  te rm .
The te m p era tu re  a t  w hich t h i s  r e v e r s e  tr a n s fo rm a tio n  o c c u rs , A* i s  n o t th e  
same as t h a t  f o r  quench-induced  m a r te n s i te .  I t  depends upon th e  e f f e c t  
o f th e  d e fo rm a tio n  s ta g e  and i s  ex p ec ted  to  o ccu r a t  A* w here,
T~ ^ A* ^ A°0 s s
(A° i s  th e  Ag te m p e ra tu re  f o r  quench-induced  m a r te n s i te . )
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The te m p e ra tu re  o f com plete  r e v e r s io n ,  and th u s  th e  te m p e ra tu re  a t  w hich 
th e  s h a p e - s t r a in  i s  com pleted  i s  th e  A f ,  th e  te m p e ra tu re  o f com plete  
r e v e r s io n  o f b o th  quench -induced  and th e  deform ed m a r te n s i te s .
3 .14  Systems E x h ib it in g  One-Way SME
The one-way shape-memory e f f e c t  i s  o bserved  in  a la rg e  number of sy stem s, 
eg N iT i, TiNb (7 2 ) ,  NiAl ( 7 ) ,  CuZn (73 , 7 4 ) , F eP t (7 5 ) , CuZnSi ( 4 ) ,
CuZnSn (4 1 ) , and FeMnC (7 6 ) . In  a l l  th e s e  system s th e  r e s id u a l  d e fo rm a tio n  
s t r a i n  i s  f u l l y  re c o v e re d  as  long  as th e  d e fo rm a tio n  rem ains p s e u d o e la s t ic .  
The s t r a i n  l i m i t  f o r  th e  e f f e c t  i s  a s s o c ia te d  w ith  th e  s h a p e - s t r a in  o f 
th e  m a r te n s i t i c  tr a n s fo rm a tio n  i t s e l f ,  and i s  f u l l y  developed  on ly  on th e  
r e v e r s io n  o f a d e fo rm a tio n -in d u c e d  m a r te n s i te  s in g le  c r y s t a l .  In  p r a c t i c e  
t h i s  le v e l  i s  o n ly  approached  in  6 - s in g le  c r y s t a l s .  The s t r a i n  l i m i t  in  
p o ly c r y s t a l l i n e  a l lo y s  i s  g e n e ra l ly  much lo w er, o f  th e  o rd e r  o f a few p e r  
c e n t s t r a i n ,  as a r e s u l t  o f th e  p re sen ce  o f re g io n s  of s t r e s s  c o n c e n tr a t io n ,  
such as g ra in  b o u n d a r ie s , w hich induce lo c a l i s e d  p l a s t i c  flo w , and red u ce  
th e  shape-memory s t r a i n .
Thus i t  i s  c l e a r  t h a t  in  SME a l lo y s ,  th e  g e n e ra t io n  o f a 1 s t a b l e f p redom inan t 
v a r i a n t  by c o n t ro l le d  d e fo rm a tio n  can , on su b seq u en t th e rm a lly - in d u c e d  
r e v e r s io n  g e n e ra te  a spon taneous m acroscop ic  s h a p e - s t r a in  o f o p p o s ite  sen se  
to  t h a t  o f th e  o r ig i n a l  d e fo rm a tio n , r e s to r in g  th e  o r ig i n a l  specim en sh ap e . 
Subsequent th e rm a lly - in d u c e d  fo rw ard  and r e v e r s e  t r a n s fo rm a t io n s ,  how ever, 
w i l l  in v o lv e  o n ly  se lf-accom m odating  m a r te n s i te  m orpho log ies and th u s  no 
f u r th e r  spon taneous shape changes a re  o b se rv ed . F or f u r th e r  one-way SME, 
a d d i t io n a l  d e fo rm a tio n  i s  r e q u ire d .
I t  i s  i n t e r e s t i n g  to  c o n s id e r  th e  p o s s i b i l i t y ,  how ever, o f th e  c o n t r o l le d  
grow th o f m a r te n s i te  on th e  fo rw ard  th e rm a lly - in d u c e d  tr a n s fo rm a tio n ,  such 
t h a t  a predom inant v a r ia n t  i s  g e n e ra te d  w ith o u t th e  a p p l ic a t io n  o f e x te r n a l
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s t r e s s .  In  t h i s  ca se  a spon taneous shape-change would be g e n e ra te d  on
b o th  th e  fo rw ard  and r e v e r s e  tr a n s fo rm a tio n ,  p rod u cin g  a two-way o r
r e v e r s ib l e  shape-memory.
3 .2  R e v e rs ib le  Shape-Memory E f f e c t  (RSME)
The in t r o d u c t io n  o f a two-way o r  r e v e r s ib l e  shape-memory in to  an a l lo y
re q u ir e s  an i n t e r n a l  mechanism ( i e  w ith o u t th e  re q u ire m en t o f  e x t e r n a l ly  
a p p lie d  s t r e s s )  w hich d i r e c t s  th e  fo rw ard  tr a n s fo rm a tio n  such t h a t  th e r e  
i s  grow th o f a p redom inan t v a r i a n t .  F u r th e r ,  to  a llo w  a r e p ro d u c ib le  RSME, 
th e  so u rce  o f  t h i s  c o n t ro l le d  grow th m ust be s t a b l e  w ith  x e s p e c t  to  
tra n s fo rm a tio n  to  and from  3 -p h ase .
The e f f e c t  o f s t r e s s  on th e  tr a n s fo rm a tio n  has been  d is c u s s e d  above, and 
i t  i s  th e  i n t e r a c t io n  betw een a p p lie d  s t r e s s  and v a r i a n t  shape s t r a i n  which 
i s  o f p a r t i c u l a r  s ig n i f i c a n c e  to  RSME. In  one-way shape-memory th e  
in t e r a c t io n  c o n t ro ls  ( i )  th e  s ta b le  s h a p e - s t r a in  v a r i a n t  and ( i i )  th e  
v a r i a n t  tra n s fo rm a tio n  te m p e ra tu re s  such th a t  a p redom inan t v a r i a n t  fo rm s, 
w ith  a r e s u l t a n t  shape change. T h is , how ever, r e q u ir e s  th e  a p p l ic a t io n  of 
e x te r n a l  s t r e s s  to  m a in ta in  a shape-change on each  tr a n s fo rm a tio n  c y c le .
I f ,  how ever, p e r s i s t e n t  n u c le i  can be in tro d u c e d  in to  th e  a l lo y  w hich 
g e n e ra te  in t e r n a l  s t r e s s - f i e l d s ,  th e s e  i n t e r n a l  s t r e s s e s  can in f lu e n c e  th e  
developm ent o f  th e  m a r te n s i te  d u rin g  th e  fo rw ard  tra n s fo rm a tio n  and i f  
o r ie n te d  c o r r e c t ly  can induce th e  fo rm a tio n  o f a p redom inan t v a r i a n t  w ith  
an a s s o c ia te d  spon taneous sh ape-change .
3.21 The E f f e c t  o f P e r s i s t e n t  N u cle i on th e  M a r te n s i te  T ra n s fo rm a tio n  
The in t e r n a l  s t r e s s e s  a s s o c ia te d  w ith  p e r s i s t e n t  n u c le i  have two e f f e c t s :
(a) They r a i s e  th e  Ms f o r  c e r t a in  v a r i a n t s  in  th e  v i c i n i t y  o f th e
p e r s i s t e n t  n u c le i ,  such th a t  tr a n s fo rm a tio n  p ro ceed s u nder c o n t ro l  
o f th e  in t e r n a l  s t r e s s  p r io r  to  "b u lk "  tr a n s fo rm a tio n .
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(b) A predom inan t v a r i a n t  deve lo p s  whose s h a p e - s t r a in  b e s t  
accommodates th e  in t e r n a l  s t r e s s  system .
E vidence fo r  th e  p re se n c e  o f  p e r s i s t e n t  n u c le i  has come m ost c l e a r l y  from  
th e  work o f K ajiw ara  (77) and P e rk in s  e t  a l  (78 , 79) d u r in g  th e  th e rm al 
c y c lin g  o f Cu-Zn and CuZnAl a l lo y s .  Both have observed  fo llo w in g  th e rm al 
c y c lin g  th e  g ra d u a l developm ent o f a c o n s ta n t  t r a n s fo rm a tio n  b e h a v io u r , 
and r e p ro d u c ib le  m a r te n s i te  morphology (named m ic ro s tru c tu ra l-m e m o ry  by 
K a jiw a ra ) , w hich have been  id e n t i f i e d  w ith  th e  fo rm a tio n  o f  d i s lo c a t i o n  
a r r a y s  w ith in  th e  3 -p h a se . These a r r a y s  ap p ea r to  c o n t ro l  th e  fo rw ard  
tra n s fo rm a tio n  and g e n e ra te  a r e p ro d u c ib le  m a r te n s i te  m orphology. In  
m ic ro s tru c tu ra l-m e m o ry  th e  m a r te n s i te s  in v o lv ed  a re  f u l l y  se lf-acco m m o d a tin g  
and r e s u l t  in  no n e t  sh ap e-ch an g e , however i t  i s  c l e a r  t h a t  i f  c o r r e c t ly  
o r ie n te d  in t e r n a l  s t r e s s e s  w ere in tro d u c e d , a p redom inen t v a r i a n t  co u ld  be 
induced  th e rm a lly .  To do t h i s  an a l lo y  m ust be '’t r a in e d "  by means o f  
therm om echanical p ro c e s s in g  d u rin g  w hich e x te r n a l  s t r e s s  in d u ces  o r ie n te d  
p e r s i s t e n t  n u c le i  w hich su b se q u e n tly  induce th e  fo rm a tio n  o f a  p redom inan t 
v a r i a n t  d u rin g  th e rm a l- t r a n s fo rm a tio n s .
3 .22  RSM T ra in in g
The fo rm a tio n  o f s u i ta b ly  o r ie n te d  p e r s i s t e n t  n u c le i  can be  b ro u g h t ab o u t 
in  fo u r  g e n e ra l ways:
( i )  Heavy d e fo rm a tio n  a t  T<Mf (8 0 ) .
( i i )  P s e u d o e la s t ic  c y c lin g  o f 3 -phase  a t  Af<T<M(j ( 4 ) .
( i i i )  A p p lic a tio n  o f s t r e s s  on th e  fo rw ard  tr a n s fo rm a tio n  d u rin g  
t r a i n in g  c y c le s  (8 1 ) .
( iv )  Ageing u nder s t r e s s  a t  e le v a te d  te m p e ra tu re s  (8 2 ) .
In  th e  f i r s t  th r e e  r o u te s ,  th e  p e r s i s t e n t  n u c le i  g e n e ra te d  a re  d i s lo c a t i o n  
a r ra y s  w hich d i r e c t  subsequen t t r a n s fo rm a tio n s .  Heavy d e fo rm a tio n  below
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th e  Kg p roduces p redom inan t v a r i a n t  by r e o r i e n t a t i o n  b u t th e  s t r a i n s  
employed a re  l a r g e r  th a n  th o se  employed in  one-way shape-memory p ro c e s s in g . 
The r e s u l t  i s  lo c a l i s e d  p l a s t i c  flow  around th e  r e o r ie n te d  v a r i a n t s  and 
th e  g e n e ra t io n  o f d i s lo c a t io n  a r ra y s  whose s t r a i n  f i e l d s  i n t e r a c t  w ith  
th e  e x te r n a l ly  s t r e s s - in d u c e d  v a r ia n t  such  t h a t  i t  i s  th e  m ost e n e r g e t i c a l ly  
s ta b l e  v a r i a n t  in  th e  sy stem . D uring th e  f i r s t  r e v e r s io n  c y c le ,  th e  
m a te r ia l  g e n e ra te s  a la rg e  sh a p e -re c o v e ry  (one-w ay memory) and on su b seq u en t 
th e rm a lly - in d u c e d  tra n s fo rm a tio n  c y c le s  th e r e  i s  a s m a lle r  r e v e r s ib l e  
shape-change a s s o c ia te d  w ith  th e  grow th o f  th e  p re v io u s ly  induced  p redom inan t 
v a r i a n t ,  t h i s  tim e , how ever, as a r e s u l t  o f th e  'in tern a l s t r e s s  f i e l d s .
In  th e  p s e u d o e la s t ic  c y c l in g  ro u te  to  RSME, th e  p redom inan t v a r i a n t  r e q u ir e d  
i s  induced  by SIM tr a n s fo rm a tio n .  A lthough n o m in a lly  p s e u d o e la s t ic ,  th e s e  
t r a n s fo rm a tio n  c y c le s  do g e n e ra te  an amount o f d i s lo c a t io n  d e b r is  on each  
c y c le ,  th e  o r i e n t a t i o n  o f w hich i s  s im i la r ly  o r ie n te d  w ith  r e s p e c t  to  th e  
SIM v a r i a n t .  Thus fo llo w in g  a number o f " p s e u d o e la s t ic "  c y c le s  and s u i t a b l e  
re in fo rc e m e n t o f th o se  d i s lo c a t io n  a r ra y s  th e  a l lo y  i s  cap a b le  o f fo rm ing  
a predom inan t v a r i a n t  th e rm a lly  and th e r e f o r e  e x h ib i t s  a RSM w ith o u t th e  
need o f  a p p l ie d  s t r e s s .
The t h i r d  ro u te  to  RSME i s  e s s e n t i a l l y  a v a r i a t i o n  on ( i i )  in v o lv in g  th e  
s t r e s s - in d u c e d  tr a n s fo rm a tio n  fo llo w ed  by c o o lin g  th rough  th e  th e rm a l 
tr a n s fo rm a tio n .  The s t r e s s  a p p l ie d  to  th e  3 -phase  e s s e n t i a l l y  in d u c es  
a p redom inan t v a r i a n t  and th e  subseq u en t th e rm al tr a n s fo rm a tio n  g e n e ra te s  
more and more t r a n s fo rm a tio n  re sp o n se  as th e  th e rm al c y c le  p a s s e s  th ro u g h  
th e  tr a n s fo rm a tio n  ra n g e . T h is  th e r e f o r e  p roduces d i s lo c a t io n - ty p e  
p e r s i s t e n t  n u c le i  in  a manner s im i la r  to  ( i i )  b u t w ith  a c o n s id e ra b ly  
r e in fo rc e d  e f f e c t .  Thus one so u rce  o f RSME i s  th e  fo rm a tio n  o f  a r r a y s  o f 
d i s lo c a t io n  d e b r is  whose s t r a i n - f i e l d s  a c t  as  p e r s i s t e n t  n u c l e i .  In  a d d i t io n ,
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how ever, th e r e  i s  an a l t e r n a t i v e  i n t e r n a l  so u rce  o f th e  r e q u ire d  i n t e r n a l  
s t r e s s e s  ( i v ) .
Takezawa and S ato  (82) have o b served  th e  RSME in  a CuZnAl a l lo y  s u b je c te d  
to  s t r e s s  and aged a t  e le v a te d  te m p e ra tu re s . In  t h i s  c a se  th e  s t r e s s e s  
a re  g e n e ra l ly  l e s s  se v e re  th a n  in  th e  p re v io u s  ro u te s  to  RSME and th e  ag e in g  
te m p e ra tu re  i s  th e  c o n t r o l l in g  f a c t o r .  D uring t h i s  tre a tm e n t s t r e s s -  
induced  v a r ia n ts  a re  g e n e ra te d  by tw o -s ta g e  t r a n s fo rm a tio n  and i t  i s  b e l ie v e d  
t h a t  age in g  o f th e s e  SIM r e s u l t s  in  a s t a b i l i z a t i o n  o f  B '/ a ’ com posite  
s t r u c tu r e s  such t h a t  th e y  a re  r e ta in e d  on u n lo a d in g . I t  i s  th e  s t r a i n - f i e l d s  
a s s o c ia te d  w ith  th e s e  s t r u c tu r e s  which c o n t ro l  subseq u en t th e rm a lly - in d u c e d  
tra n s fo rm a tio n s  and g e n e ra te  th e  RSME. Takezawa and Sato  (83) have a p p l ie d  
phenom enolog ical th e o ry  to  th e se  r e ta in e d  s t r u c t u r e s ,  and have d e te rm in ed  
th a t  th e  s t r e s s - f i e l d s  around th e s e  com posite  s t r u c tu r e s  a re  c a p a b le  o f  
in d u c in g  th e  p re v io u s ly  e x te r n a l ly  g e n e ra te d  p redom inan t v a r i a n t s .  T here  
i s  an upper te m p e ra tu re  l i m i t  to  t h i s  r o u te ,  how ever, s in c e  th e s e  a l lo y s  
a re  s u b je c t  to  b a i n i t i c  d ecom position  w hich d e s tro y s  any shape-memory 
p r e s e n t .
Thus th e  p re se n c e  o f p e r s i s t e n t  n u c le i  (o f  e i t h e r  ty p e ) in tro d u c e  s t r e s s /  
s t r a i n  f i e l d s  w hich cause  th e  grow th o f  p redom inan t v a r ia n ts  on su b se q u en t 
th e rm a lly - in d u c e d  t r a n s fo rm a tio n s .  The grow th o f t h i s  p redom inan t v a r i a n t  
g e n e ra te s  a spon taneous shape-change d u rin g  th e  fo rw ard  t r a n s fo rm a tio n  and 
an in v e rs e  shape-change o ccu rs  d u rin g  r e v e r s io n ,  th e  a l lo y  th e r e f o r e  
e x h ib i t in g  a RSM.
3 .3  A p p lic a tio n s  o f RSME A llo y s
F o llow ing  th e  in t r o d u c t io n  o f th e  RSME, a m a te r ia l  e x h ib i t s  a r e v e r s i b l e ,
and re p ro d u c ib le  shape-change  on h e a t in g  and c o o lin g  th rough  i t s  t r a n s fo rm a tio n
range  and t h i s  shape-change i s  a v a i la b le  to  do e x te r n a l  w ork. As a r e s u l t
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th e  RSME f in d s  i t s  m ajor a p p l ic a t io n s  in  th e rm o s ta t ic  se n s in g  d e v ic e s .
In  th e s e  a p p l ic a t io n s  an a c tu a to r  i s  employed w hich has a t r a n s fo rm a tio n  
range  t a i l o r e d  to  th e  r e q u ir e d  o p e ra t in g  te m p e ra tu re  o f th e  d e v ic e , and 
th e  shape-change o f w hich i s  u sed  to  o p e ra te  sw itc h in g  o r  to  do o th e r  e x te r n a l  
w ork. A lthough RSME a c tu a to r s  a r e  th e r e f o r e  in  c o m p e tit io n  w ith  o th e r  
te m p e ra tu re  s e n s in g  d e v ic e s ,  such  as  b im e ta l l i c  s t r i p s ,  th e y  have c o n s id e ra b le  
ad v an tag es  ov er t h e i r  c o m p e tito rs  s in c e  th e  RSM shape-change p ro v id e s  th e  
com plete  m echan ica l a c t io n  and r e q u ir e s  no e x te r n a l  power so u rce  to  c a r ry  
o u t th e  sw itc h in g  o p e ra t io n .
T y p ica l d e v ic e s  c o n ta in in g  RSME a c tu a to r s  a r e  shown in  F ig u re s  30, 31 and 32. 
In  a l l  th e s e  d e v ic e s  th e  te m p e r a tu r e - s e n s i t iv e  a c tu a to r  i s  in  th e  form  of 
a  h e lic a lly -w o u n d  s p r in g .  T h is  i s  a common form  o f a c tu a to r  s in c e  la rg e  
a x i a l  d e f le c t io n s  can be  o b ta in e d  w ith  a r e l a t i v e l y  sm all s t r a i n  in  each  
volume elem ent o f m a te r ia l  -  th u s  n o t ex ceed in g  th e  s t r a i n - l i m i t  o f th e  
shape-memory e f f e c t .
3.31 C o n tro l o f  th e  RSM C h a r a c te r i s t i c s  o f A c tu a to rs
To a llo w  e x p lo i ta t io n  o f  RSME a c tu a to r s ,  t h e i r  tr a n s fo rm a tio n  te m p e ra tu re s  
m ust be t a i l o r e d  to  th e  r e q u ir e d  o p e ra t in g  te m p e ra tu re s  o f  th e  d e v ic e .
In  th e rm o s ta t ic  se n s in g  a p p l ic a t io n s ,  th e r e  i s  a l s o  th e  a d d i t io n a l  
req u ire m en t f o r  th e  a b i l i t y  to  a d ju s t  th e  o p e ra t in g  te m p e ra tu re , and to  
red u ce  th e  in h e re n t  t r a n s fo rm a tio n a l  h y s t e r e s i s ,  w hich r e s u l t s  i n  a 
d i f f e r e n c e  o f -15 °C betw een forw ard  and r e v e r s e  tr a n s fo rm a tio n .
The a l lo y s  e x h ib i t in g  RSME in  th e  CuZnAl te rn a r y  system  a l l  l i e  a t  th e  
c o p p e r - r ic h  end o f th e  te rn a r y  d iagram  (F ig u re  33 ( a ) ) .  The m ain te c h n iq u e  
a v a i la b le  fo r  t a i l o r i n g  th e  tra n s fo rm a tio n  te m p e ra tu re  i s  to  a l t e r  th e  
a l lo y  co m p o sitio n , s in c e  th e  Ms can be s h i f t e d  o v e r more th a n  .400 °C by 
on ly  sm all changes in  co m p o sitio n  (F ig u re  33 ( b ) ) .  However, in  com m ercial
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FIGURE 30 -  G reenhouse  window o p e n e r  i n c o r p o r a t i n g  a C u -b a sed  shape-m em ory
a l l o y  ( 8 4 ) .
FIGURE 31 -  T h e r m o s ta t i c  r a d i a t o r  v a lv e  i n c o r p o r a t i n g  a C u -b a se d  shape-m em ory
a l l o y  a c t u a t o r  s p r i n g  ( 8 4 ) .
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F ig u r e  32 -  Therm ic  V alve  I n c o r p o r a t i n g  a C u -based  Shape-memory A l lo y
A c t u a t o r ,  D es igned  to  Cut O ff  th e  f lo w  o f  Flamm able L i q u id s  
i n  Case o f  F i r e .  (PROTEUS ALLOYS)
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FIGURE 33 -  C u-base shape-memory a l lo y s  a l l  l i e  a t  th e  c o p p e r - r ic h  c o rn e r
o f th e  te rn a r y  CuZnAl system  (a )  w ith  A l-c o n te n ts  v a ry in g  from 
4 to  10%, Zn-10 to  28%, w ith  th e  b a la n c e  in  each  c a se  Cu. The 
Mg te m p e ra tu re s  o f th e se  a l lo y s  can be made to  v a ry  o v e r more 
th e n  400 °C as a r e s u l t  o f  o n ly  sm all changes in  co m p o sitio n
(b) (8 5 ) .
78
a l lo y s  th e  co m p o sitio n  c o n t ro l  i s  n o t s u f f i c i e n t l y  r e p ro d u c ib le  to
a llo w  l e s s  th a n  ± 7 °C c o n t ro l  o f th e  Ms . I n  p r a c t i c e  much o f th e  t a i l o r i n g
of th e  t r a n s fo rm a tio n  to  a p p l ic a t io n  i s  c a r r i e d  o u t by d e v ic e  d e s ig n .
The h y s t e r e s i s  o f a RSME a c tu a to r  can be su p p resse d  by fo rc in g  i t  to  work 
a g a in s t  an opposing  lo a d . In  d e v ic e s  t h i s  i s  c o n v e n ie n tly  s u p p lie d  by 
a c o n v e n tio n a l b ia s  s p r in g  opposing  th e  shape-change on h e a t in g .  The e f f e c t  
o f sp r in g  r a t e  on th e  shape-change c h a r a c t e r i s t i c s  i s  shown in  F ig u re  34, 
where i t  can be c l e a r ly  seen  th a t  w ith  in c re a s in g  s p r in g - r a t e  th e
h y s te r e s i s  i s  red u ce d , a lth o u g h  a t  th e  expense o f th e rm al s e n s i t i v i t y .
The d e s ig n  o f RSME d e v ic e s  th e r e f o r e  r e q u ir e s  a compromise betw een th e rm al 
s e n s i t i v i t y  and h y s te r e s i s  ( in  m ost c a se s  t h i s  r e s u l t s  in  a h y s t e r e s i s  o f 
~2 °C ). In  a d d i t io n  to  r e g u la t in g  d e v ic e  h y s te r e s i s  th e re  i s  a l s o  th e  
n e c e s s i ty  to  c o n t ro l  th e  te m p e ra tu re /sh a p e -c h a n g e  c h a r a c t e r i s t i c s  o f th e  
a c tu a to r .  T h is i s  n e c e s sa ry  f o r  th r e e  re a s o n s :
( i )  to  com pensate f o r  la c k  o f p r e c i s io n  in  c o n t r o l l in g  th e
t r a n s fo rm a tio n  te m p e ra tu re  o f  th e  a l l o y ,
( i i )  to  ta k e  up g e o m e tr ic a l to le r a n c e s  in  th e  d e v ic e ,-
( i i i )  to  p ro v id e  ’u s e r  o v e r - r id e 1 on th e  o p e ra t in g  te m p e ra tu re s  o f  
th e  d e v ic e ,
and a llo w s th e  a c tu a to r  to  o p e ra te  in  th e  p r e c i s e  p a r t  o f  lo a d /d e f l e c t i o n /  
te m p e ra tu re  spectrum  w hich m eets th e  d e s ig n  s p e c i f i c a t i o n .  The m ain method 
o f a d ju s t in g  th e  a c tu a to r  to  m eet t h i s  c o n t ro l  i s  to  a llo w  i t  to  a c t  
a g a in s t  a c o n v e n tio n a l s p r in g  o r  lo ad  b i a s ,  th e  p re lo a d  o f  w hich can be
v a r ie d .
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b ias  spring.
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FIGURE 34 -  E f f e c t  o f b ia s  s p r in g  s t i f f n e s s  on th e  s h a p e - s t r a in  h y s t e r e s i s
o f a CuZnAl a l lo y  (8 1 ) .
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CHAPTER FOUR
4 .0  THE EFFECT OF THERMOSTATIC-SENSING
CYCLES ON MARTENSITIC 3-PHASE ALLOYS
CHAPTER FOUR
Under norm al th e rm o s ta t ic - s e n s in g  c y c le s ,  th e  RSME a c tu a to r  i s  th e r e f o r e  
s u b je c te d  to  f l u c tu a t io n s  o f  te m p e ra tu re  and s t r e s s ,  and to  t r a n s fo rm a tio n  
c y c l in g .  I t  i s  th e r e f o r e  im p o rta n t to  e s t a b l i s h  th e  e f f e c t  o f  th e s e  
c y c lin g  c o n d it io n s  on th e  RSME. D uring therm om echanical c y c le s  o f t h i s  
k in d  th e r e  a re  a number o f p o s s ib le  so u rc e s  f o r  changes in  th e  RSME.
These a r e :
( i )  A geing o f th e  3 -p h ase .
( i i )  Ageing o f th e  m a r te n s i te .
( i i i )  T ran sfo rm a tio n  c y c l in g .
( iv )  A p p lied  s t r e s s  d u rin g  tra n s fo rm a tio n .
These w i l l  be c o n s id e re d  below .
4.1  Ageing o f 3 -P a re n t Phase
The th e rm o s ta t ic  s e n s in g  c y c le  o f a RSM a c tu a to r  can be c o n s id e re d  as  an 
a n iso th e rm a l ag e in g  t r e a tm e n t,  w ith  th e  m a te r ia l  s u b je c te d  to  a ran g e  o f 
te m p e ra tu re s  f o r  v a r io u s  t im e s . A t th e  to p  o f such a c y c le  3 -p a re n t  p hase  
i s  p r e s e n t  and i s  s u b je c te d  to  e le v a te d  te m p e ra tu re s . In  such c irc u m s ta n c e s  
a c o n s id e ra t io n  o f ag e in g  e f f e c t s  becomes im p o rta n t .
A geing o f th e  3 -phase  r e s u l t s  in  two main e f f e c t s :
( i )  The d ecom position  o f th e  m e ta s ta b le  3 -p h ase .
( i i )  Changes in  tr a n s fo rm a tio n  b eh a v io u r o f th e  3 -p h ase  such  as
s h i f t s  in  th e  te m p e ra tu re s  and s t r e s s - th r e s h o ld s  o f  tr a n s fo rm a tio n .
4.11 D ecom position o f th e  M e ta s ta b le  3-Phase
The f i r s t  o f th e s e  e f f e c t s  i s  th e  e a s i e s t  to  u n d e rs ta n d . The e le v a te d  
te m p e ra tu re  i s  s u f f i c i e n t  to  th e rm a lly  a c t i v a t e  d i f f u s io n a l  d eco m p o sitio n
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o f th e  m e ta s ta b le  3 -p a re n t  p h ase . T h is d eco m p o sitio n  has a number o f 
e f f e c t s  such as in c re a s e s  in  h a rd n e s s , r e d u c t io n s  in  shape re c o v e ry  and 
changes in  th e  o bserved  tra n s fo rm a tio n  te m p e ra tu re s ,  and has been  
e x te n s iv e ly  s tu d ie d  by Kennon e t  a l  (86) in  C u-based SM a l lo y s .  A ll th e se  
changes a r i s e  from  th e  p r e c i p i t a t i o n  o f new p h ases  w hich in f lu e n c e  th e  
m echan ica l p r o p e r t i e s  and red u ce  th e  volume f r a c t io n  and change th e  
co m p o sitio n  o f  th e  rem a in in g  a c t iv e  6-p h a se  such  t h a t  th e  tr a n s fo rm a tio n a l  
b e h a v io u r i s  a f f e c t e d .
The e q u il ib r iu m  d eco m p o sitio n  (F ig u re  3) o ccu rs  e u t e c to id a l ly  and th e  ty p e  
o f d ecom position  p ro d u c t o f m e ta s ta b le  3 depends on th e  p o s i t i o n  o f th e  
a l lo y  w ith  r e s p e c t  to  th e  e u te c to id .  In  h y p e re u te c to id  a l lo y s  t h i s  
deco m p o sitio n  o ccu rs  by p rim ary  p r e c i p i t a t i o n  o f y and in  h y p o e u te c to id  
a l lo y s  by a b a i n i t i c  decom p o sitio n  to  a .  The e f f e c t  of co m p o sitio n  on 
th e  d ecom position  has been  s tu d ie d  by Dunne and Kennon (87) and H om bogen and 
W arlim ont (88) .  Koval e t  a l  (89) have a ls o  re p o r te d  changes in  th e  
tr a n s fo rm a tio n a l  h y s te r e s i s  on age in g  w hich i s  b e l ie v e d  to  r e s u l t  from  a 
p r e c i p i t a t i o n  w hich s tre n g th e n s  th e  rem ain in g  3-m a tr ix  and makes i t  more 
r e s i s t a n t  to  s t r e s s  r e la x a t io n  a t  m a r te n s i te  i n t e r f a c e s ,  and th u s  re d u c e s  
th e  tr a n s fo rm a tio n a l  h y s t e r e s i s .
4 .12  V a r ia t io n  in  P h y s ic a l P r o p e r t ie s  on Ageing W ithout D ecom position  o f 
th e  3 -P hase
In  many c a s e s ,  how ever, c o n s id e ra b le  v a r i a t io n s  in  p h y s ic a l  p r o p e r t i e s  
a re  observed  w ith  no a p p a re n t d eco m p o sitio n  o f th e  3 -p h a se . T hese in c lu d e  
v a r ia t io n s  in  Ms (90 , 91) and p s e u d o e la s t ic  s t r e s s - th r e s h o ld s  (90) on 
p o s t-q u en ch  a g e in g , a common f e a tu r e  o f w hich i s  a d e p re s s io n  o f  th e  Mg 
(o r  in c re a s e  in  which i s  su b se q u e n tly  r e s to r e d  to  an e q u i l ib r iu m
le v e l  on age in g  a t  low te m p e ra tu re s . I t  has a l s o  been  e s ta b l i s h e d  (91)
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t h a t  th e se  changes a re  r e v e r s ib l e  on su b se q e n tly  in c re a s in g  th e  ag e in g  
te m p e ra tu re .
Some in v e s t ig a t io n s  in  3 -b ra s s  have su g g es ted  t h a t  t h i s  r e s u l t s  from  th e  
decay o f an ex cess  vacancy  p o p u la tio n , however r e c e n t  work (90) has 
e s ta b l i s h e d  th a t  th e s e  phenomena r e s u l t  from  v a r i a t i o n  in  th e  d eg ree  o f 
lo n g -ra n g e  o rd e r .  The m ost e x te n s iv e  s tu d y  o f 3 -phase  ag e in g  in  r e l a t i o n  
to  lo n g -ra n g e  o rd e r  has been  c a r r i e d  o u t by S c h o f ie ld  and Miodownik (92) 
who have id e n t i f i e d  th e  e f f e c t  o f lo n g -ra n g e  o rd e r  on th e  tr a n s fo rm a tio n  
te m p e ra tu re s  o f  CuZnAl a l l o y s .  As d is c u s s e d  p r e v io u s ly ,  th e re  a re  two 
o rd e r in g  r e a c t io n s  in  CuZnAl SME a l lo y s  w ith  th e  sequence o f s u p e r l a t t i c e  
s t r u c tu r e s  A2-KB2-*D0 3 . The r e s u l t s  o f S c h o f ie ld  and Miodownik su g g e s t th a t  
th e  3-p h a se  ag e in g  i s  a s s o c ia te d  w ith  one o f th e s e  o rd e r in g  r e a c t io n s  w ith  
a c r i t i c a l  te m p e ra tu re  o f ~152 °C which i s  in  f a i r l y  good agreem ent w ith  
t h e o r e t i c a l l y  deduced v a lu e s  fo r  th e  B2->-D03 o rd e r in g  r e a c t io n .  The r e s u l t s  
from  p o s t-q u en ch  ag e in g  exp erim en ts  th e r e f o r e  su g g e s t t h a t  th e  B2 o rd e r in g  
r e a c t io n  canno t be su p p re s se d , however d is o r d e r  w ith  r e s p e c t  to  th e  DO3 
o rd e r  can be r e ta in e d  by quenching w hich d e p re s se s  th e  Ms te m p e ra tu re s .
On su b seq u en t lo w -tem p era tu re  ag e in g  th e  a l lo y s  age to  th e  a p p ro p r ia te  DO3 
o rd e r  w ith  a r e s u l t a n t  in c re a s e  in  tr a n s fo rm a tio n  te m p e ra tu re s . T h is  r e s u l t s  
in  a q u en ch -tem p era tu re  dependence o f th e  Ms d e p re s s io n  and b eca u se  o f  th e  
r e v e r s i b i l i t y  o f th e  DO3 o rd e r  p a ra m e te r , i f  an e q u i l i b r i a t e d  a l lo y  i s  
su b se q u e n tly  h e a te d  and requenched  th e r e  w i l l  be a  new Ms d e p re s s io n ,  th e  
m agnitude o f which depends on th e  quench te m p e ra tu re  w ith  r e s p e c t  to  th e  
c r i t i c a l  o rd e r in g  te m p e ra tu re .
A lthough c o n s ta n t  d eg rees  o f d is o rd e r  and th u s  c o n s ta n t  Ms d e p re s s io n s  can 
be o b ta in e d , th e  age in g  to  e q u i l ib r iu m  v a lu e s  may n o t be i d e n t i c a l  f o r  a l lo y s  
quenched from  d i f f e r e n t  te m p e ra tu re s  as a r e s u l t  o f d i f f e r e n c e s  in  th e
8 3
p o p u la tio n s  o f th e rm al v a c a n c ie s  w hich enhance d i f f u s io n  and r e s u l t  in  
v a r i a t io n s  in  th e  r a t e  o f a g e in g .
Thus th e  ag e in g  o f CuZnAl a l lo y s  in  th e  8- c o n d i t io n  can b r in g  ab o u t changes 
in  many p h y s ic a l  p r o p e r t i e s  in c lu d in g  many o f  th e  t r a n s fo rm a tio n a l  
c h a r a c t e r i s t i c s .  At s u f f i c i e n t l y  h ig h  te m p e ra tu re s , th e s e  e f f e c t s  a r i s e  
from  th e rm a lly  a c t iv a te d  deco m p o sitio n  o f  th e  m e ta s ta b le  8-p h a s e , however 
a t  low te m p e ra tu re s  and in  a l lo y s  d is o rd e re d  w ith  r e s p e c t  to  th e  e q u i l ib r iu m  
DO3 s u p e r l a t t i c e ,  th e s e  changes r e s u l t  from  o rd e r in g  o f th e  a l lo y  d u rin g  
th e  ag e in g  t r e a tm e n t .
4 .2  Ageing o f  th e  M a r te n s i t ic  Phase
In  a d d i t io n  to  age in g  o f th e  8-p h a s e , i f  th e  tr a n s fo rm a tio n  te m p e ra tu re  o f 
th e  a l lo y  i s  s u f f i c i e n t l y  h ig h  th e re  i s  th e  p o t e n t i a l  f o r  ag e in g  w ith in  
th e  m a r t e n s i t i c  p h ase . T h is  ag e in g  e f f e c t  can  a ls o  in f lu e n c e  th e  m ech an ica l 
b eh av io u r o f th e  m a r te n s i te  and a l t e r  th e  su b seq u en t tr a n s fo rm a tio n  
b e h a v io u r (8 7 ) .
Anom alously h ig h  p s e u d o e la s t ic  s t r a i n  re c o v e ry  and e le v a te d  As te m p e ra tu re s  
have been  observed  by R a p a c io li  e t  a l  (90) in  a l lo y s  quenched d i r e c t l y  
from  h ig h  te m p e ra tu re  to  th e  m a r te n s i t i c  c o n d i t io n ,  and s im i la r  s t a b i l i z a t i o n  
o f th e  m a r te n s i t i c  phase  fo llo w in g  ag e in g  h as  been  observ ed  by Van Humb.eeck . 
and D elaey (93) in  th e  i n t e r n a l  f r i c t i o n  r e s u l t i n g  from  m a r te n s i te  
r e o r i e n t a t i o n ,  by S c h o f ie ld  (94) in  th e  r e a c t io n  o f  aged m a r t e n s i t i c  
in t e r f a c e s  to  s t r e s s ,  by Ja n sse n  e t  a l  (95) in  r e s i s t i v i t y  m easurem en ts, 
and by Abu-Arab and A h le rs (9 6 ) in  th e  a c o u s t ic  em issio n  a s s o c ia te d  w ith  
tr a n s fo rm a tio n .  These ag e in g  phenomena have a ls o  been  o b serv ed  (96) in  
a l lo y s  s lo w -co o led  from h ig h  te m p e ra tu re s  in  c o n t r a s t  to  th e  u s u a l  quench 
tr e a tm e n t .
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In  a s tu d y  by S carsb ro o k  e t  a l  (97) s im i la r  e le v a t io n s  o f As have 
been  observed  in  DSC m easurem ents and have been  e x te n s iv e ly  in v e s t ig a te d  
w ith  r e s p e c t  to  th e  e f f e c t  o f age in g  tim e and te m p era tu re  w ith in  th e  
m a r te n s i te  and to  th e  e f f e c t  o f in te rm e d ia te  ag e in g  tre a tm e n ts  in  th e  
3-p h a se  p r io r  to  tra n s fo rm a tio n .
The e s s e n t i a l  f e a tu r e s  o f th e  m a r te n s i t i c  ag e in g  p ro c e sse s  i s  t h a t  th e re  
a re  changes in  th e  tr a n s fo rm a tio n  p r o p e r t i e s  r e s u l t i n g  from  th e  s t a b i l i z a t i o n  
o f th e  m a r te n s i te  w ith  r e s p e c t  to  r e v e r s io n  to  th e  3 -p h ase . T h is  p ro c e s s  
w ith in  th e  m a r te n s i te  i s  th e rm a lly  a c t iv a t e d ,  and th e r e f o r e  t im e /te m p e ra tu re  
d ep en d en t, and t h i s  s t a b i l i z a t i o n  i s  i t s e l f  u n s ta b le  w ith  r e s p e c t  to  
r e v e r s io n  ( i e  once r e v e r t e d ,  su b se q u en tly -fo rm ed  m a r te n s i te  shows no 
in d ic a t io n  o f ag e in g  e f f e c t s ) . A d d it io n a l ly ,  age in g  in  th e  3 -c o n d it io n  
fo llo w in g  quenching and p r io r  to  tr a n s fo rm a tio n  to  m a r te n s i te  s i g n i f i c a n t l y  
red u ce s  th e  m agnitude o f th e  m a r te n s i t i c  s t a b i l i z a t i o n .
4.21 The Source o f th e  M a r te n s i t ic  Ageing Phenomena 
In  a p ap er by C o rn e liu s  and Wayman (98) t h i s  s t a b i l i z a t i o n  fo llo w in g  
quenching  was a t t r i b u t e d  to  quenching  s t r e s s e s ,  however an e x p la n a t io n  of 
t h i s  ty p e  does n o t d e s c r ib e  th e  f u l l  ran g e  o f th e  m a r te n s i t i c  ag e in g  
e f f e c t s .  At p r e s e n t ,  th e r e  app ea r to  be two p o s s ib le  so u rces  o f  t h i s  
phenomena:
( i )  Quenched in  d is o r d e r .
( i i )  The quenching in  o f h ig h  p o p u la tio n s  o f th e rm al v a c a n c ie s .
The p o te n t i a l  f o r  q u en ch ed -in  d is o rd e r  in  3 -p h ases  has been d is c u s s e d  above, 
and Dunne and Kennon (87) have used t h i s  d is o r d e r  w ith  r e s p e c t  to  th e  
e q u i l ib r iu m  DO3 o rd e r  to  e x p la in  th e  m a r te n s i t i c  ag e in g  e f f e c t .  T h e ir  
e x p la n a tio n , how ever, does n o t appear to  a d e q u a te ly  e x p la in  th e  f u l l  ran g e
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of th e  age in g  phenomena. S ca rsb ro o k , Cook and StQbbs (9 7 ) , how ever, 
have su g g es ted  an a l t e r n a t i v e  o rd e r in g  mechanism f o r  th e  s t a b l i z a t i o n  of 
m a r te n s i te .  They su g g e s t th a t  th e  o rd e r  in h e r i te d  from  th e  p a re n t  p h ase , 
even i f  e q u i l ib r iu m  DO3 , may n o t be th e  m ost e n e r g e t ic a l ly  s t a b l e  w ith in  
th e  m a r te n s i te  and t h a t  d u rin g  age in g  a new form  o f c o n f ig u r a t io n a l  o rd e r  
deve lo p s and r e s u l t s  in  th e  s t a b i l i z a t i o n  o f th e  m a r te n s i te  w ith  r e s p e c t  
to  th e  3 -p h ase . On su b seq u en t r e v e r s io n  r a p id  d i f f u s io n  w ith in  th e  3“ phase 
r e s to r e s  th e  e q u i l ib r iu m  o rd e r  and su b se q u en tly -fo rm ed  m a r te n s i te s  a g a in  
show th e  c h a r a c t e r i s t i c s  o f th e  unaged m a r te n s i te .  W ith t h i s  mechanism 
b o th  th e  q u en ch -tem p era tu re  s e n s i t i v i t y  and th e  e f f e c t  o f in te rm e d ia te  
3-p h a se  ag e in g  can be u n d e rs to o d  s in c e  th e s e  a f f e c t  th e  number o f ex ce ss  
th e rm al v a c a n c ie s  w hich enhance th e  d i f f u s io n  re q u ir e d  f o r  th e  o rd e r in g  
p ro c e s s .
The p re se n c e  o f h ig h  e q u i l ib r iu m  vacancy  c o n c e n tra t io n s  in  3-Hum e-Rothery 
phases  w hich a re  m obile  even a t  ro o m -tem p era tu re , has le d  to  an a l t e r n a t i v e  
mechanism f o r  m a r te n s i t i c  a g e in g . Abu-Arab and A h le rs  (96) have su g g es ted  
t h a t  th e  m a r te n s i t i c  s t a b i l i z a t i o n  r e s u l t s  from  i n t e r f a c i a l  p in n in g  w hich 
re la x e s  th e  i n t e r f a c i a l  s t r a i n  component o f th e  th e rm o e la s t ic  b a la n c e ,  
and th u s  s t a b i l i z e s  th e  m a r te n s i te .  On r e v e r s io n ,  v a c a n c ie s  c l u s t e r  in  
th e  3-p h a se  o r  an n ea l o u t and th e  m a r te n s i te s  r e s u l t i n g  from  su b se q u en t 
tr a n s fo rm a tio n s  e x h ib i t  unaged c h a r a c t e r i s t i c s .  However, on su b se q u en t 
m a r te n s i t i c  a g e in g , th e  c l u s t e r s  can decompose and r e s t a b i l i z e  th e  in t e r f a c e s  
(9 9 ) . A vacancy  p in n in g  mechanism i s  a ls o  c o n s i s te n t  w ith  th e  e x p e rim e n ta l 
e v id e n c e , w ith  th e  e f f e c t  o f in te rm e d ia te  3-p h a se  ag e in g  b e in g  th e  a n n e a lin g  
o u t o f ex cess  th e rm al v a c a n c ie s  p r io r  to  m a r t e n s i t i c  tr a n s fo rm a tio n .
Both th e  o rd e r in g  and vacancy  p in n in g  mechanisms ap p ea r to  e x p la in  th e  
o b served  age in g  e f f e c t s .  At p r e s e n t ,  how ever, th e  c r i t i c a l  ex p e rim en ts
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r e q u ir e d  to  d i f f e r e n t i a t e  th e  a c t iv e  mechanism have n o t been  co n d u c ted . 
A h le rs  e t  a l  (100) have r e c e n t ly  re p o r te d  experim en ts  on m a r t e n s i t i c  
ag e in g , and have concluded  th a t  in  s in g le  c r y s t a l  m a r te n s i te s  th e r e  i s  an 
age ing  phenomena b ased  on an o r d e r /d i s o r d e r  mechanism. T his does n o t ,  
how ever, r u le  o u t th e  i n t e r f a c i a l  p in n in g  mechanism in  m u l t i - v a r i a n t  
m a r te n s i t i c  m orpho log ies (J a n sse n  e t  a l  (95) u se  a com bination  o f  b o th  
mechanisms to  e x p la in  t h e i r  r e s u l t s ) .
Thus ag e in g  in  th e  m a r te n s i t i c  c o n d i t io n  can  a ls o  r e s u l t  in  changes in  th e  
t r a n s fo rm a tio n  c h a r a c t e r i s t i c s  o f  SME a l lo y s .  T his phenomena i s  enhanced 
by q u en ch ed -in  excess  v a c a n c ie s ,  how ever s in c e  $-Hume-Rothery p h ases  can 
s u s ta in  h ig h  e q u i l ib r iu m  vacancy  c o n c e n tr a t io n s  and t h e i r  m o b i l i t i e s  
a re  h ig h  even a t  room te m p e ra tu re  and below , some ageing  e f f e c t s  a re  l i k e ly  
even i f  th e  vacancy  p o p u la tio n  i s  reduced  to  e q u i l ib r iu m  l e v e l s .
4 .3  T ran sfo rm a tio n  C ycling
In  a d d i t io n  to  th e  ag e in g  e f f e c t s  in f lu e n c in g  su b sequen t tr a n s fo rm a tio n  
b e h a v io u r , r e p e a te d  tra n s fo rm a tio n  c y c lin g  can a ls o  induce changes in  
tra n s fo rm a tio n  b eh av io u r and th e  shape-memory e f f e c t .
The work o f K a jiw ara  (77) has shown th e  e f f e c t  o f tr a n s fo rm a tio n  c y c l in g  
on th e  l a t e r  tr a n s fo rm a tio n  b eh av io u r o f  Cu-Zn a l lo y s ,  w ith  th e  g e n e ra t io n  
o f d i s lo c a t io n  d e b r is  d u rin g  th e  tr a n s fo rm a tio n  c y c le s  w hich form  w ith  a 
w e l l -d e f in e d  s u b s t r u c tu r e  and c o n tro l  su b seq u en t fo rw ard  t r a n s fo rm a t io n .  
P e rk in s  (101) has in v e s t ig a te d  th i s  e f f e c t  f u r th e r  in  CuZnAl a l lo y s  and 
has i d e n t i f i e d  e f f e c t s  on th e  tra n s fo rm a tio n  te m p e ra tu re s , and th e  volum e 
f r a c t io n  o f r e v e r te d  m a r te n s i te  in  a d d i t io n  to  th e  developm ent o f  a 
d i s lo c a t io n  s u b s t r u c tu r e .
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4.31 D is lo c a t io n  G e n e ra tio n  D uring T ra n s fo rm a tio n  C ycling
In  an uncy c led  a l l o y ,  th e  homogeneous 3 has a low d i s lo c a t io n  d e n s i ty  (1 0 2 ), 
however on th e rm a lly  c y c l in g  th rough  th e  tr a n s fo rm a tio n  an abundance 
o f d is lo c a t io n s  and ta n g le s  a r i s e  w hich a r e  i r r e v e r s i b l e  f e a tu r e s  
in tro d u c e d  d u rin g  th e  t r a n s fo rm a tio n  c y c le .  D uring t h i s  p ro c e ss  th e  
h a rd n ess  in c re a s e s  (F ig u re  3 5 ) , th e  te m p e ra tu re  o f  tr a n s fo rm a tio n  to  
m a r te n s i te  in c re a s e s  (F ig u re  36) and r a t e  o f  t r a n s fo rm a tio n  to  m a r te n s i te  
d e c re a se s  (77) . The te m p e ra tu re  and r a t e  o f r e v e r s io n  rem ains r e l a t i v e l y  
u n a f fe c te d  by c y c l in g .  T h is d i s lo c a t io n  g e n e ra t io n  occu rs  ov er th e  f i r s t  
10 to  15 tra n s fo rm a tio n  c y c le s  and th e n  s t a b i l i z e s  as th e  y ie ld  s t r e s s  
o f th e  lo c a l i s e d  p l a s t i c a l l y  deform ed re g io n  in c r e a s e s .  R ios J a r a  e t  a l  
(103) have in v e s t ig a te d  th e  d is lo c a t io n s  g e n e ra te d  by tr a n s fo rm a tio n  c y c l in g  
CuZnAl a l lo y s .  As a r e s u l t  o f  th e  a n iso tro p y  o f th e  bcc p a re n t  phase  th e  
u su a l g .b  = 0 c r i t e r i a  f o r  B urgers  v e c to r  d e te rm in a tio n  can n o t be u se d . 
However, by co m p u terised  im a g e -s im u la tio n  th e y  have de te rm in ed  t h a t  th e  
d i s lo c a t io n s  in c re a s e  in  d e n s i ty  on c y c lin g  and have a d i s lo c a t i o n  l i n e  o f 
<111> ty p e  and l i e  in  <110> d i r e c t io n .  The B urgers v e c to r s  b a re  o f a 
<100> ty p e . These r e s u l t s  a r e ,  how ever, c o n t r a d ic to r y  to  th e  t h e o r e t i c a l  
s tu d y  o f K ajiw ara  and K ikuch i (104) who p r e d ic t  a <110> ty p e  B urgers  
v e c to r  by a c o n s id e ra t io n  o f th e  e f f e c t  o f r e v e r s e  m otion  o f  th e  m a r te n s i te  
in t e r f a c e  on th e  p a r t i a l  d is lo c a t io n s  a s s o c ia te d  w ith  th e  ends o f th e  
s t r u c t u r a l  s ta c k in g  f a u l t s .
In  a d d i t io n  to  changes in  te m p e ra tu re s  and r a t e s  o f tr a n s fo rm a tio n ,  th e  
DSC m easurem ents of P e rk in s  (101) have shown t h a t  fo llo w in g  tr a n s fo rm a tio n  
c y c l in g  th e  energy  o f tr a n s fo rm a tio n  d e c re a se s  (F ig u re  3 7 ) . T h is  i s  
c o n s is te n t  w ith  th e  observ ed  p re sen ce  o f s t a b i l i z e d  v a r i a n t s .  I t  i s  
b e l ie v e d  (101) t h a t  t h i s  s t a b i l i z a t i o n  r e s u l t s  from  th e  s t r a i n  f i e l d s  
a s s o c ia te d  w ith  th e  d i s lo c a t io n  a r ra y s  w hich e i t h e r  s t a b i l i z e  th e  m a r te n s i te
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-  V a r ia t io n  o f  th e  h a rd n e ss  o f a 6 -phase  w ith  tr a n s fo rm a tio n  
c y c le s  (7 7 ) .
|
§
|
C
|
NUMBER OF CYCLES
-  V a r ia t io n  o f th e  t r a n s fo rm a tio n  te m p e ra tu re s  w ith  t r a n s fo rm a tio n  
c y c l in g  in  a CuZnAl a l lo y  c y c le d  betw een 240 and 340 K (1 0 1 ) .
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phase i t s e l f  o r  b lo c k  i t s  r e v e r s ip n .  T h is  s t a b i l i z a t i o n  has a ls o  been 
o b served  by Hummel and K roger (105) in  Cu-Zn.
4 .32  The E f f e c t  o f T ra n s fo rm a tio n  C ycling  on th e  M echanical R esponse 
o f A llo y s
O ther tr a n s fo rm a tio n  c y c l in g  ex p erim en ts  in v o lv in g  p s e u d o e la s t ic  c y c l in g  
have a ls o  shown th e  s t a b i l i z a t i o n  o f m a r te n s i te s  on th e  rem oval o f  s t r e s s ,  
d u rin g  b o th  s t r e s s - in d u c e d  tr a n s fo rm a tio n  from  3 (106) and in  p s e u d o e la s t ic  
c y c lin g  by r e o r i e n t a t i o n  (1 0 7 ).
B ecause o f th e  req u ire m e n t f o r  lo n g -te rm  s t a b i l i t y  some C u-based RSME 
a l lo y s  have been  su b je c te d  to  e x te n s iv e  t r a n s fo rm a tio n  c y c l in g .  S a b u ri and 
Nenno (108) have observ ed  an i n i t i a l  d e c re a se  in  r e v e r s ib l e  s t r a i n  in  
CuZnGa d u rin g  th e  f i r s t  100 tra n s fo rm a tio n  c y c le s ,  which e s s e n t i a l l y  
p la te a u s  and p roduces a s ta b le  r e v e r s ib l e  s t r a i n .  M ichael and H a rt (81) 
have s tu d ie d  th e  e f f e c t  o f e x te n s iv e  c y c l in g  (75 ,000  c y c le s )  on th e  
m echan ical p r o p e r t ie s  o f  a CuZnAl RSME a c tu a to r .  The e f f e c t  o f  t h i s  
c y c lin g  was to  p roduce  on ly  a s l i g h t  d e g ra d a tio n  in  th e  lo a d /d e f l e c t io n  
c h a r a c t e r i s t i c s  ( -  in  com parison  w ith  th e  *10*-c y c le  b e h av io u r) (F ig u re  3 8 ), 
as long  as th e  m a te r ia l  was n o t su b je c te d  to  h ig h  te m p e ra tu re s  and 
r e s u l t a n t  3 -phase  d eco m p o sitio n . I f  th e s e  c o n d it io n s  w ere m a in ta in e d , 
th e  m echan ica l p r o p e r t i e s  w ere s ta b le  w rt tr a n s fo rm a tio n  c y c l in g .
Thus th e  e f f e c t s  o f tr a n s fo rm a tio n  c y c l in g  a re  e s s e n t i a l l y  s h o r t - te r m  and 
in v o lv e  th e  g e n e ra tio n  o f  d is lo c a t io n  d e b r is  ov er th e  f i r s t  10-20 
tra n s fo rm a tio n  c y c le s .  T h is r e s u l t s  in  changes in  th e  tr a n s fo rm a tio n  
c h a r a c t e r i s t i c s  such as th e  te m p era tu re s  and r a t e s  o f tr a n s fo rm a tio n  and 
p roduces some s t a b i l i z a t i o n  o f th e  m a r t e n s i t i c  p h a se . A f te r  th e s e  s h o r t - te rm  
changes th e  lo n g -te rm  behaviour, rem ains c o n s ta n t ,  as shown by th e  m ech an ica l 
p ro p e r ty  d a ta .
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-  The e f f e c t  o f tra n s fo rm a tio n  c y c l in g  on th e  m ech an ica l re sp o n se  
o f CuZnAl s p r in g  a c tu a to r s  a t  th r e e  te m p e ra tu re s  (8 1 ) .
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4 .4  T ran sfo rm a tio n  C ycling  A g a in s t S t r e s s
The c y c l in g  c o n d itio n s  in  com m ercial RSME a c tu a to r  system s a re  u n lik e  
th o se  d is c u s s e d  in  4 .3 ,  s in c e  th e s e  a c tu a to r s  a r e  tr a n s fo rm a tio n  cy c led  
under an a p p lie d  b ia s  f o r c e .  Under th e s e  c o n d it io n s  th e  c y c l in g  b eh av io u r 
i s  s i g n i f i c a n t l y  m o d ified  as a r e s u l t  o f th e  a p p l ie d  s t r e s s .
M elton and M erc ie r (109) have conducted  s h o r t- te rm  tra n s fo rm a tio n  c y c lin g  
a g a in s t  b ia s  s t r e s s  in  b o th  one-way and two-way t r a in e d  a l lo y s  o f 
N i-T i-C u , and have i d e n t i f i e d  th e  e f f e c t  o f  a p p l ie d  b ia s  a s ,  in c re a s in g  
th e  te m p e ra tu re  range  o f r e v e r s io n  ( e x h ib i t in g  th e  same As as th e  u n b ia sed  
tr a n s fo rm a tio n ,  b u t w ith  a s i g n i f i c a n t l y  h ig h e r  Af) and th e  i n h i b i t i o n  
o f s h a p e - s t r a in  u n t i l  i n t e r n a l  s t r e s s  due to  r e v e r s io n  overcom es th e  a p p lie d  
s t r e s s .  T his r e s u l t s  in  c y c l in g  under s i g n i f i c a n t l y  d i f f e r e n t  c o n d i t io n s ,  
w ith  th e  p re se n c e  o f s t r e s s - s t a b i l i z e d  v a r i a n t s  and s i g n i f i c a n t  le v e ls  o f 
i n t e r n a l  s t r e s s .
M ichael and H art (81) have d e s c r ib e d  th e  e f f e c t  o f b ia s e d  tra n s fo rm a tio n  
c y c lin g  on a h e lic a lly -w o u n d  CuZnAl RSME a c tu a to r ,  and have o b serv ed  a 
d e c re a se  in  th e  shape memory lo a d -o u tp u t  on th e rm a l c y c lin g  (F ig u re  39) 
u n t i l  a f t e r  ~5 c y c le s  an e q u il ib r iu m  s t a t e  i s  a c h ie v e d . T h is was e x p la in e d  
in  term s o f lo c a l i s e d  p l a s t i c  flow  w hich s t a b i l i z e s  a f t e r  s e v e r a l  th e rm a l 
c y c le s .  They a ls o  c la im  fo llo w in g  e x te n s iv e  th e rm al c y c lin g  ex p e rim en ts  
t h a t  th e  a c tu a to r s  show no d e t e r io r a t i o n  in  RSME p ro v id in g  th a t  a s t r a i n -  
l i m i t  o f 2% i s  n o t exceeded .
A more s c i e n t i f i c  s tu d y  o f th e  e f f e c t  o f a p p l ie d  b ia s  d u rin g  tra n s fo rm a tio n  
c y c lin g  has been  c a r r i e d  o u t by Takezawa e t  a l  (110) in  a CuZnAl RSME 
a l lo y  cy c led  a g a in s t  a c o n s ta n t  b ia s  s t r e s s .  They too  have o b serv ed  a 
d e g ra d a tio n  in  s h a p e - s t r a in  on c y c lin g  (F ig u re  40) which i s ,  how ever, 
r e v e r s ib l e ,  and can be removed by h e a t in g  to  100 °C ie  >^NB1-A.SED (F ig u re  4 1 ) .
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FIGURE 39 -  The e f f e c t  o f s h o r t- te rm  c y c l in g  on th e  shape-memory lo a d
o u tp u t (81) .
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The e f f e c t  o f b ia s e d  tra n s fo rm a tio n  c y c lin g  on th e  shape-memory 
o u tp u t o f a CuZnAl a c tu a to r  (1 1 0 ).
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The e f f e c t  o f in te rm e d ia te  a n n e a lin g  a t  100 °C on th e  sh a p e -  
memory o u tp u t o f  a CuZnAl a c tu a to r  d u rin g  b ia s e d  t r a n s fo rm a tio n  
c y c l in g  (1 1 0 ).
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They i n t e r p r e t  t h i s  d e g ra d a tio n  e f f e c t  as due to  ageing  th e  a l lo y  under 
s t r e s s  w hich " r e t r a i n s "  th e  a l lo y  by th e  fo rm a tio n  o f s ta b le  aged 3 ’ / a 1 
com posite  s t r u c t u r e s .
4 .5  Summary
I t  i s  th e r e f o r e  c l e a r  t h a t  th e  c o n d it io n s  imposed on RSME a c tu a to r s  in  
o p e ra t io n a l  d e v ic e s  a re  l i k e l y  to  ind u ce  changes in  th e  tr a n s fo rm a tio n  
b e h a v io u r , and th e r e f o r e  in  th e  r e s u l t i n g  RSM. A s tu d y  o f th e  e f f e c t s  
o f th e s e  c o n d it io n s  on th e  lo n g -te rm  s t a b i l i t y  o f th e  RSME h a s  n o t ,  
how ever, been  c a r r i e d  o u t ( th e  d a ta  on b ia s e d  t r a n s fo rm a tio n  c y c l in g  
be in g  p a r t i c u l a r l y  l i m i t e d ) .  The p r e s e n t  s tu d y  h as  th e r e f o r e  been  u n d e rta k e n  
to  f i l l  t h i s  gap in  u n d e rs ta n d in g  o f th e  RSME, and to  i n v e s t ig a t e  i t s  
s t a b i l i t y  under c o n d it io n s  re sem b lin g  th o se  imposed on a c tu a to r s  in  r e a l  
d e v ic e s ,  w ith  th e  aim o f c h a r a c te r i s in g  changes in  RSM in  te rm s o f 
s t r u c t u r a l  changes induced  in  th e  m a r te n s i te s  r e s p o n s ib le  f o r  th e  RSME.
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5.1 In t ro d u c t io n
The p re s e n t  in v e s t ig a t io n s  in to  th e  s t a b i l i t y  o f th e  RSME w ere c a r r i e d  
o u t on a s e r i e s  o f com m ercia lly  produced  CuZnAl a l lo y s  s u p p lie d  by th e  
D e lta  Memory M etal Company. These w ere su p p lie d  in  th e  form  o f h e l i c a l l y  
wound c o i l  s p r in g s ,  w hich e x h ib i te d  a  r e v e r s ib l e  shape-memory from  a 
c o il-b o u n d  c o n f ig u ra t io n  in  th e  m a r t e n s i t i c  c o n d i t io n ,  to  an open c o i l  
c o n f ig u ra t io n  in  th e  8 -c o n d it io n  (F ig u re  4 2 ) . The co m p o sitio n  o f th e s e  
a l lo y s ,  and th e  te m p e ra tu re  o f o n se t o f s h a p e - s t r a in  (T^) a re  shown in  
T ab le  7 .
The RSM a c tu a to r s  w ere m anufac tu red  by a com m ercial p ro c e ss  w hich in v o lv ed  
th e  fo llo w in g  seq u en ce . E x truded  rod  o f 5 mm d ia m e te r  was c o ld - c o i le d  in  
th e  case  o f th e  3 and 6 wt% A1 a l lo y s  and h o t - c o i le d  a t  700 °C in  th e  
case  o f th e  7 wt% A1 a l lo y  in to  o p e n -c o il  s p r in g s  and th e n  h e a te d  to  a 
te m p e ra tu re  w ith in  th e  8 -p h ase  f i e l d .  T h is te m p e ra tu re  was s e le c te d  such 
th a t  i t  c o n v e rte d  th e  a l lo y  co m p le te ly  to  8 -p h a se , b u t was s u f f i c i e n t l y  
low to  av o id  8 g ra in -g ro w th . The B e ta t i s in g  te m p e ra tu re  employed f o r  th e  
3 , 6 and 7 wt% A1 a l lo y s  w ere 770, 700 and 650 °C r e s p e c t iv e ly .  T h is  
h e a t - t r e a tm e n t  was fo llo w ed  by an in t e r r u p te d  quench w ith  an in te rm e d ia te  
age a t  100 °C f o r  30 mins to  a t t a i n  th e  c o r r e c t  8 -phase  o rd e r  w ith  r e s p e c t  
to  th e  B2->D03 t r a n s i t i o n  b e fo re  quenching to  th e  m a r te n s i t i c  c o n d i t io n .
At t h i s  p o in t  in  th e  p ro d u c tio n  sequence , th e  a l lo y  was f u l l y  m a r t e n s i t i c ,  
and e x h ib i te d  an o p e n -c o il  c o n f ig u ra t io n .
The RSME was in tro d u c e d  in to  th e  a c tu a to r  in  th e  fo llo w in g  way. The 
a c tu a to r s  were p s e u d o e la s t ic a l ly  cy c led  betw een th e  open and c o il-b o u n d
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TABLE 7 -  CHEMICAL COMPOSITION OF ALLOYS
A llo y  No W eight p e rc e n ta g e TZ(°C)
Cu Zn AI
1 74.09 20.30 5.61 52
2 73.53 20.83 5 .64 46
3 76 .00 16.88 7 .12 43
4 70.26 26.55 3 .19 42
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c o n f ig u ra t io n s  in  th e  3 -c o n d it io n  a t  T^+30 °C, a f t e r  w hich th e y  e x h ib i te d  
a d eg ree  o f RSME. T his was fo llo w ed  by a C o n d i t io n in g 1 tre a tm e n t 
in v o lv in g  th e  fo llo w in g  s ta g e s :
(a ) H eat to  T£+30 °C.
(b) Hot deform  to  th e  c o il-b o u n d  c o n f ig u ra t io n .
(c ) Cool to  T<Mf and remove lo a d .
_1
(d) Apply a c o n v e n tio n a l b ia s - s p r in g  o f 7Nmm s p r in g - r a te  a c t in g  
such  t h a t  i t  a p p l ie s  a co m pressive  lo a d  d u rin g  r e v e r s io n ,  and 
c y c le  10 tim es betw een T<Mf and Tz+30 °C.
F o llow ing  t h i s  sequence o f  o p e ra t io n s ,  th e  a c tu a to r s  e x h ib i te d  a w e ll  
c h a r a c te r i s e d  RSM w hich was s u i t a b le  f o r  th e  s tu d y  o f th e  s t a b i l i t y  o f th e  
RSME w ith  r e s p e c t  to  t r a n s fo rm a tio n  c y c l in g .
The s t a b i l i t y  o f  th e  RSME was in v e s t ig a te d  u s in g  th e  fo llo w in g  te c h n iq u e s :
( i )  M acroscopic r e v e r s ib l e  shape-memory c y c l in g .
( i i )  Combined m acroscop ic  c y c l in g  and r e s i s t i v i t y  m easurem en ts.
( i i i )  O p tic a l and e le c t r o n  m icroscopy .
( iv )  Combined m acroscop ic  c y c l in g  and i n - s i t u  o p t i c a l  m ic ro sco p y .
The m a jo r i ty  o f  th e se  m easurem ents w ere conducted  on th e  n o m in a lly  6 wt% A1
a l lo y ,  b u t a number o f ex p erim en ts  w ere a d d i t io n a l ly  conducted  u s in g  th e
3 and 7 wt% A1 a l lo y s .
5 .2  M acroscopic R e v e rs ib le  Shape-Memory C y c lin g
The s t a b i l i t y  o f th e  RSME w ith  r e s p e c t  to  t r a n s fo rm a tio n  c y c l in g  was 
in v e s t ig a te d  by th e rm al c y c lin g  e x p e rim e n ts . To s im u la te  th e  o p e ra t in g  
c o n d itio n s  o f a RSME a c tu a to r  in  a d e v ic e , an a r r a y  of th e  ty p e  shown in  
F ig u re  43 was em ployed. T h is  s u b je c te d  th e  RSM a c tu a to r  to  a v a r i a b l e
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and in c re a s in g  co m pressive  b ia s - f o r c e  d u rin g  r e v e r s io n ,  and s im u la te d  
th e  c o n t ro l  b ia s  employed in  RSM d e v ic e s .  The a r r a y  was th e rm a lly  c y c le d  
w ith  no p re lo a d  from  te m p e ra tu re s  below  to  te m p e ra tu re s  w ith in  
th e  tr a n s fo rm a tio n  ran g e  (>T^) and th e  RSM b eh av io u r was c h a r a c te r i s e d  
by th e  te m p e ra tu re  a t  w hich th e  s h a p e - s t r a in  developed  (T ^ ) , and th e  
a x ia l  d e f le c t i o n  o f  th e  a c tu a to r  a t  any s e le c te d  te m p e ra tu re , S (T ).
D uring a s e r i e s  o f th e s e  c y c l in g  e x p e rim e n ts , th e  s p r in g - r a t e  o f th e  b ia s
s p r in g  was v a r ie d ,  how ever to  p ro v id e  a c o n s i s te n t  m easurem ent datum ,
. . . -1th e  s h a p e - s t r a m  b e h a v io u r was alw ays c h a r a c te r i s e d  a g a in s t  a 7Nmm
s p r i n g - r a t e .
The lo n g -te rm  s t a b i l i t y  o f th e  RSM was c h a r a c te r i s e d  by changes in  T^ 
and S(T) on c y c lin g  u nder a v a r i e ty  o f  t e m p e r a tu r e /b ia s - s t r e s s  c o n d it io n s  
in  b o th  th e  6 and 7 wt% A1 a l lo y s .  Two c y c l in g  te c h n iq u e s  w ere em ployed:
(a ) C ontinuous h e a t in g  from  a te m p e ra tu re  l e s s  th a n  th e  As to  a  
te m p e ra tu re  app ro ach in g  th e  A f, c o n t in u a l ly  m o n ito r in g  th e  
a x ia l  d e f l e c t i o n  (6) as a fu n c tio n  of te m p e ra tu re .
(b) Iso th e rm a l tr a n s fo rm a tio n  c y c l in g  betw een a te m p e ra tu re  below  
th e  As to  te m p e ra tu re s  above 1% and w ith in  th e  t r a n s fo rm a tio n  
ra n g e .
The f i r s t  te c h n iq u e  was employed to  c h a r a c te r i s e  b o th  th e  a s - r e c e iv e d  
b eh av io u r o f th e  a c tu a to r ,  and i t s  b eh av io u r fo llo w in g  e x te n s iv e  c y c l in g  
o f th e  ty p e  d e s c r ib e d  in  ( b ) . In  c y c le s  o f t h i s  ty p e  th e  a c tu a to r  was 
immersed in  a s t i r r e d  b a th  h e a te d  by an e l e c t r i c a l  h o tp l a te  and by 
c o n t ro l  o f th e  r a t e  o f  s t i r r i n g  and c u r r e n t  s u p p lie d  to  th e  h o tp l a t e ,  
h ig h ly  re p ro d u c ib le  r a t e s  o f h e a t in g  co u ld  be a t t a in e d .  V arious h e a t in g  
b a th s  w ere in v e s t ig a te d ,  how ever, s in c e  th e  3 -p h ase  o rd e r  had been  
e q u i l i b r i a t e d  a t  100 °C and c y c lin g  to  te m p e ra tu re s  g r e a te r  th a n  t h i s  
would p o t e n t i a l l y  d i s r u p t  t h i s  o rd e r ,  a b a th  o f d i s t i l l e d  w a te r  was em ployed.
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■ . . . - 1U sing t h i s  w a te r  b a th  re p ro d u c ib le  h e a t in g  r a t e s  of 2 °Cmin w ere
o b ta in e d  and employed d u rin g  th e  c h a r a c te r i s a t io n  o f th e  s h a p e - s t r a in  
b e h a v io u r . The r e v e r s ib l e  s h a p e - s t r a in  was c h a r a c te r i s e d  by th e  a x i a l  
d e f l e c t i o n  o f  th e  a c tu a to r ,  which cou ld  be sim ply  m easured from  th e  
e x p e rim e n ta l a r r a y  (F ig u re  43) by means o f  a d isp la cem e n t t r a n s d u c e r .
U sing a c o p p e r-c o n s ta n ta n  th e rm ocoup le , and th e  o u tp u t from  th e  
tr a n s d u c e r  c o n d i t io n e r ,  th e  d e f le c t io n - te m p e ra tu r e  on th e  fo rw ard  and 
r e v e r s e  tr a n s fo rm a tio n  co u ld  be p lo t t e d  on an X-Y r e c o rd e r .
The is o th e rm a l tr a n s fo rm a tio n  c y c lin g  was conducted  by c y c l in g  th e  
e x p e rim e n ta l a r r a y  betw een h e a te d  w a te r  b a th s  h e ld  a t  c o n s ta n t  te m p e ra tu re s  
above and below  T^. T h is was c a r r i e d  o u t u s in g  an au to m atic  t r a n s f e r  arm, 
w hich r a p id ly  moved th e  a r r a y  betw een th e  is o th e rm a lly  c o n t r o l le d  b a t h s , 
h o ld in g  th e  a c tu a to r  a l t e r n a t e l y  in  each  b a th  f o r  one m inute -  a  so ak -tim e  
w hich was e x p e r im e n ta lly  p roven  to  be s u f f i c i e n t  to  a llo w  h o m o g en isa tio n  
o f th e  a c tu a to r  te m p e ra tu re  w ith  th a t  o f th e  b a th .  The low er te m p e ra tu re  
b a th  was h e ld  a t  ro o m -tem p era tu re , and th e  h ig h  te m p e ra tu re  b a th  was 
v a r ie d  in  th e  te m p e ra tu re  range  65 to  85 ± 1 °C. F o llow ing  w e l l -d e f in e d  
numbers o f  th e s e  iso th e rm a l c y c le s ,  th e  c y c l in g  was s to p p ed , and changes 
in  th e  RSM s t r a i n  w ere c h a r a c te r i s e d  by a m easurem ent therm al' c y c le  o f 
th e  ty p e  d e s c r ib e d  under ( a ) . T h is was th e n  fo llo w ed  by a r e tu r n  to  
is o th e rm a l c y c l in g .
5 .3  Combined Shape-Memory C ycling  and R e s i s t i v i t y  M easurem ents 
In  o rd e r  to  s tu d y  th e  m ic o s t ru c tu r a l  changes induced  by v a r i a t i o n s  in  
s t r e s s  and te m p e ra tu re  d u rin g  t r a n s fo rm a tio n  c y c l in g ,  some m a c ro s c o p ic a l ly -  
c y c le d  specim ens w ere s u b je c te d  to  s im u ltan e o u s  m easurem ent o f r e s i s t i v i t y  
and s h a p e - s t r a in .  In  m easurem ents o f t h i s  k in d , th e  s ta n d a rd  a r r a y  
(F ig u re  43) was employed w ith  th e  a d d i t io n  o f p la tin u m  r e s i s t i v i t y  p ro b es
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sp o t-w eld ed  to  th e  RSM a c tu a to r .  The r e s i s t i v i t y  was m easured by a 
4 -p o in t  DC te c h n iq u e . S ince  changes in  r e s i s t i v i t y  w ere more im p o rta n t 
th a n  t h e i r  a b s o lu te  v a lu e ,  a c o n s ta n t  c u r r e n t  te c h n iq u e  was a d o p ted , 
u s in g  th e  v o lta g e  from  th e  in n e r  two p ro b es  as a m easure o f th e  r e s i s t i v i t y .
A 3A c u r r e n t  was s u p p lie d  from  a c o n s ta n t  c u r r e n t  power so u rc e , and th e  
t r a n s fo rm a tio n a l  r e s i s t i v i t y  change p lo t te d  u s in g  an X-Y re c o rd e r  
re c o rd in g  th e  m easured v o l ta g e  and th e  o u tp u t from  a c o p p e r-c o n s ta n ta n  
the rm ocoup le . B ecause o f th e  low r e s i s t a n c e  o f th e  a l lo y s  a long  le n g th  
o f m a te r ia l  was r e q u ir e d  betw een m easurem ent p ro b e s . In  p r a c t i c e  t h i s  
was ach iev ed  by p la c in g  th e  fo u r  p robes on n e ig h b o u rin g  c o i l s ,  however 
s in c e  n e ig h b o u rin g  c o i l s  touched  in  th e  c o il-b o u n d  c o n f ig u ra t io n  th e y  had 
to  be e l e c t r i c a l l y  in s u la te d  from  one a n o th e r .  T h is was c a r r i e d  o u t u s in g  
th in  a c e ta te  s h e e ts  w hich av o ided  any s h o r t in g  betw een th e  c o i l s .
U sing t h i s  a rrangem en t th e  d e f le c t io n / te m p e r a tu re  and r e s i s t i v i t y / t e m p e r a t u r e  
b eh av io u r co u ld  be s im u la ta n e o u s ly  d e te rm in e d .
5 .4  O p tic a l and E le c tro n  M icroscopy
O p tic a l m icroscopy was c a r r i e d  o u t on th e  RSME a c tu a to r s  to  s tu d y  th e  
e f f e c t  o f tr a n s fo rm a tio n  c y c l in g  on th e  m a r t e n s i t i c  tr a n s fo rm a tio n  and 
m orphology. B ecause o f th e  sh e a r  component in  th e  m a r t e n s i t i c  t r a n s fo rm a t io n ,  
th e  m ic ro s tru c tu r e s  o f th e s e  a l lo y s  w ere e a s i l y  s tu d ie d  by means o f  th e  
s u r fa c e  r e l i e f  w hich developed  on a p o lis h e d  s u r fa c e  d u rin g  t r a n s fo rm a t io n .
I f  p o lish e d  in  th e  m a r te n s i t i c  c o n d i t io n  (T<Mf), s u r fa c e  r e l i e f  w ith  th e  
ap pea rance  o f p la te s  developed  on r e v e r s io n  to  th e  $ -p h ase , and i f  
p o lish e d  above th e  A^, s u r fa c e  r e l i e f  was g e n e ra te d  on th e  fo rw ard  
t r a n s fo rm a tio n  w hich re v e a le d  th e  m ic ro s t ru c tu r e  o f th e  r e s u l t i n g  m a r t e n s i t i c  
p l a t e s .  By c a r e fu l  p re p a ra t io n  a f u l l y  th e rm o e la s t ic  tr a n s fo rm a tio n  cou ld  
be o b served  w ith  th e  developm ent of s u r fa c e  r e l i e f  d u rin g  one h a l f  o f th e
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th e rm al c y c le ,  and th e  r e tu r n  to  a p o lis h e d  p la n e  on th e  o th e r ,  w ith  
l i t t l e  s u r fa c e  damage in tro d u c e d  on each c y c le .  In  a d d i t io n  to  c o n t r a s t  
e f f e c t s  due to  s u r fa c e  r e l i e f ,  c o n t r a s t  co u ld  a ls o  be enhanced by th e  
u se  o f c r o s s - p o la r i s e d  i l lu m in a t io n .  B ecause o f th e  o p t i c a l  a n iso tro p y  
o f  th e  o rtho rhom bic  18R m a r te n s i te ,  u nder c r o s s - p o la r i s e d  i l lu m in a t io n  
th e  m a te r ia l  e x h ib i te d  an i n t e n s i t y  c o n t r a s t  w hich was dependent on th e  
o r i e n t a t i o n  o f th e  m a r te n s i t i c  phase  (1 1 1 ). T here was a ls o  an  a d d i t io n a l  
c o n t r a s t  mechanism s in c e  t h i s  o p t i c a l  a n is o tro p y  in t e r a c t io n  was 
w aveleng th  d ep en d en t, so t h a t  d i f f e r e n t  m a r te n s i te  o r i e n t a t i o n s  developed  
d i f f e r e n t  c o lo u r  c o n t r a s t  u nder c r o s s - p o la r i s e d  w h i te - l ig h t  i l lu m in a t io n .  
Because o f th e s e  a d d i t io n a l  c o n t r a s t  mechanisms in  th e  m a r t e n s i t i c  s t a t e ,  
a l l  o p t i c a l  m e ta llo g ra p h ic  specim ens w ere p o lis h e d  in  th e  8 -c o n d it io n  
(T>Af) w here on su b seq u en t c o o lin g  th e  m a r te n s i te  was r e v e a le d  by b o th  
s u r fa c e  r e l i e f  and o p t i c a l - a n is o t r o p y  m echanism s.
The m e ta llo g ra p h ic  p re p a ra t io n  ro u te  employed was to  m e c h a n ic a lly  p o l i s h  
specim ens to  1 pm diamond p a s te  fo llo w ed  by h o t e le c t r o p o l i s h in g  a t  80 °C 
and a v o lta g e  o f 1.5 V in  40 vol% o rth o p h o sp h o ric  a c id  in  d i s t i l l e d  w a te r .  
T h is e le c t r o p o l i s h in g  was s u f f i c i e n t  to  remove s u r fa c e  damage in tro d u c e d  
d u rin g  m echan ica l p o l i s h in g ,  and a llow ed  th e  o b s e rv a tio n  o f  a c o m p le te ly  
r e v e r s ib l e  th e rm o e la s t ic  tr a n s fo rm a tio n .
The e f f e c t  o f  t r a n s fo rm a tio n  c y c l in g  on th e  m ic ro s tru c tu r e  o f  th e  a l lo y s  
was s tu d ie d  by o p t i c a l  m icroscopy in  two ways:
( i )  M e ta llo g ra p h ic  in v e s t ig a t io n  o f m a c ro sc o p ic a lly  cy c le d  
specim ens w ith  w e ll-d e f in e d  le v e ls  o f tr a n s fo rm a tio n  c y c l in g .
( i i )  By ’h o t '- s t a g e  o p t i c a l  m icroscopy .
The m e ta llo g rap h y  in  ( i )  was c a r r ie d  o u t by th e  te c h n iq u e  d e s c r ib e d  above 
w ith  th e  aim o f com paring th e  m ic ro s tru c tu r e  o f uncy c led  m a te r ia l  w ith
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m a te r ia l  cy c led  u nder a v a r i e ty  o f c o n d i t io n s ,  w ith  th e  aim o f id e n t i f y in g  
th e  e f f e c t  o f c y c l in g  on th e  m a r te n s i te  m orphology.
The o b se rv a tio n s  in  th e  ’h o t ’- s ta g e  w ere c a r r i e d  o u t to  d i r e c t l y  o b serv e  
th e  fo rw ard  and r e v e r s e  m a r te n s i t i c  tra n s fo rm a tio n s  and to  i d e n t i f y  th e  
e f f e c t  o f lo n g -te rm  c y c lin g  on th e  m a r te n s i te  m orphology. T h is  ’h o t ’- s ta g e  
was p u r p o s e - b u i l t  and i s  shown s c h e m a tic a l ly  in  F ig u re  44 . I t  c o n s is te d  
o f a chamber w ith in  w hich a specim en o f  RSM E-trained a l lo y  was mounted on 
a w a te r-c o o le d  h e a t - s in k .  The specim en h o ld e r  c o n ta in e d  a sm a ll Nichrome 
h e a t in g  e lem en t and by c o n t r o l l i n g  b o th  th e  f lo w - ra te  o f w a te r  to  th e  
h e a t - s in k  and th e  c u r r e n t  su p p lie d  to  th e  h e a t in g  e lem en t, th e  specim en 
te m p e ra tu re , as m easured by a c o p p e r-c o n s ta n ta n  therm ocouple b u r ie d  in  
th e  specim en, cou ld  be v a r ie d  betw een am bient and 100 °C. To p re s e rv e  
th e  m e ta llo g ra p h ic  f i n i s h  d u rin g  lo n g -te rm  c y c l in g ,  a i r  was exc lu d ed  
from  th e  chamber by pumping a rough vacuum w ith  a r o ta r y  pump. The 
specim en was observ ed  u nder th e  o p t i c a l  m icroscope th rough  a g la s s  window 
u s in g  c r o s s - p o la r i s e d  i l lu m in a t io n .  T his a p a ra tu s  a llow ed  th e  a u to m a tic  
c y c lin g  o f specim ens th ro u g h  t h e i r  tr a n s fo rm a tio n  range  by sw itc h in g  
on and o f f  th e  h e a te r  c i r c u i t  a t  th e  ex trem es o f th e  th e rm al c y c le ,  
and en ab led  e x te n s iv e  u n b ia sed  t r a n s fo rm a tio n  c y c l in g .
In  a d d i t io n  to  th e  o p t i c a l  m icroscopy d e s c r ib e d  above, a sm a ll amount 
o f e l e c t r o n  m icroscopy  was a ls o  c a r r i e d  o u t .  B ecause o f th e  e a se  w ith  
w hich th e  t r a n s fo rm a tio n  cou ld  be re v e a le d  by r e l i e f  on th e  s u r f a c e  o f 
a specim en, some specim ens w ere a ls o  s u b je c te d  to  SEM ex am in a tio n  w here 
a d d i t io n a l  in fo rm a tio n  was p o t e n t i a l l y  a v a i l a b l e .  Of p a r t i c u l a r  i n t e r e s t  
was S e le c te d  A rea C han n e lin g , where th e  r e s u l t i n g  p a t te r n s  r e v e a l  
c r y s ta l lo g r a p h ic  in fo rm a tio n , and a number o f specim ens were s u b je c te d  
to  t h i s  te c h n iq u e .
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In  a d d i t io n  to  th e  o b s e rv a tio n  o f  th e  m ic ro s t ru c tu r e  a t  th e  o p t i c a l  and 
SEM le v e l s ,  th e  a l lo y s  w ere a l s o  s u b je c te d  to  some TEM ex am in a tio n  to  
e s t a b l i s h  w hether th e r e  w ere any t r a n s fo rm a tio n -c y c l in g  induced  changes 
a t  th e  subm icron l e v e l .  TEM specim ens w ere removed from  m a c ro sc o p ic a lly -  
c y c le d  a c tu a to r s  fo llo w in g  w e l l - c h a r a c te r i s e d  t r a n s fo rm a tio n -c y c l in g  and 
3 mm d is c s  w ere p re p a re d  by a  com bination  o f m ech an ica l p o l i s h in g  and 
e le c t r o th in n in g  in  40 vol% o rth o p h o sp h o ric  a c id  to  a th ic k n e s s  o f  < 0 .0 5  mm. 
These d is c s  were th e n  p e r f o r a te d  in  a Tenupol j e t  p o l i s h e r  u s in g  33 vol% 
N i t r i c  a c id  in  M ethano l, and exam ined in  P h i l l i p s  EM400T and J e o l  200CX 
m ic ro sco p es , th e  l a t t e r  c o n ta in in g  a h o t - s ta g e  f a c i l i t y  w hich en ab led  
l im i te d  tra n s fo rm a tio n  c y c l in g .
5 .5  Combined M acroscopic and I n - S i tu  O p tic a l M icroscopy 
To a llo w  o b s e rv a tio n s  o f th e  e f f e c t  o f  b ia s  s t r e s s  on th e  m ic r o s t r u c tu r e  
d u rin g  m acroscop ic  tr a n s fo rm a tio n  c y c l in g ,  a  c u s to m -b u il t  o p t i c a l  m icroscope  
s ta g e  was c o n s tru c te d  w hich a llow ed  th e  m acroscop ic  c y c l in g  o f  com plete  
RSME a c tu a to r s  a g a in s t  a c o n v e n tio n a l b ia s - s p r in g  w h i ls t  o b se rv in g  th e  
m ic ro s t ru c tu r e  ( in  c o n t r a s t  to  th e  h o t - s ta g e  in  5 .4  w here m e ta llo g ra p h ic  
specim ens w ere employed and th e r e  was no f a c i l i t y  f o r  th e  a p p l ic a t io n  o f 
b i a s ) .  T h is 'h o t ’- s ta g e  i s  shown s c h e m a tic a lly  in  F ig u re  45 and F ig u re  46 
shows th e  s ta g e  in  p la c e  on th e  o p t i c a l  m ic ro sco p e .
The specim ens employed in  t h i s  Th o t T- s ta g e  w ere s p r in g  a c tu a to r s  w ith  
f l a t s  p re p a re d  on each  o f t h e i r  c o i l s .  A m e ta l lo g ra p h ic  f i n i s h  was 
produced on each  f l a t  by th e  te ch n iq u e  d e s c r ib e d  in  5 .4 ,  and t h i s  a llow ed  
th e  o b s e rv a tio n  o f th e  m ic ro s tru c tu r e  d u rin g  b ia se d  t r a n s fo rm a tio n s .  When 
assem bled  in  th e  b o re  o f th e  ’h o t '- s t a g e  (F ig u re  4 5 ) ,  th e  a x i a l  d e f l e c t i o n  
cou ld  be m easured by means o f a d isp la cem e n t tra n s d u c e r  w h i ls t  th e  
tra n s fo rm a tio n  was fo llo w ed  under th e  o p t i c a l  m icroscope th ro u g h  a
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Fig. 4 5  Schematic Diagram of the Combined M acoscopic  
Cycling/Optical Microscopy “Hot-Stage”
F i g u r e  46 -  Combined M a crosc op ic  C y c l i n g / O p t i c a l  M ic roscopy  Rig
i n  P l a c e  on t h e  O p t i c a l  M ic r o s c o p e .
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m oveable g la s s  window. The s ta g e  was h e a te d  by N itro g en  gas whose te m p e ra tu re  
cou ld  be v a r ie d  by a r e s i s t a n c e  c a r t r id g e  h e a t e r  on each  o f two i n l e t  
p o r t s .  T h is p ro v id ed  b o th  th e  h e a t in g  a c t io n  and an i n e r t  env ironm ent 
to  av o id  specim en t a r n i s h in g .  The te m p e ra tu re  of th e  specim en was m easured 
by a c o p p e r -c o n s ta n ta n  therm ocouple b u r ie d  in  one o f th e  c o i l s ,  and by 
c o n t ro l  o f  th e  gas f lo w - r a te  and h e a te r  c u r r e n ts  cou ld  e a s i l y  b e  v a r ie d  
betw een am bient and 100 °C. The o u tp u ts  from  th e  therm ocoup le  and 
d isp la c e m e n t t r a n s d u c e r  w ere fe d  to  a X-Y r e c o rd e r  w hich d i r e c t l y  p lo t t e d  
th e  t r a n s fo rm a tio n a l  d isp la cem e n t h y s te r e s i s  d u rin g  th e rm al c y c le s  w hich 
w ere a ls o  observed  m e ta l lo g ra p h ic a l ly .
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6 .0  RESULTS
CHAPTER SIX
RESULTS
6.1 M acroscopic R e v e rs ib le  Shape-Memory C ycling
I n i t i a l  exp erim en ts  w ere conducted  on two b a tc h e s  o f CuZnAl a c tu a to r s ,  
b o th  n o m in a lly  6 wt% A1 ( th e  a c tu a l  a l lo y  co m p o sitio n s  a re  shown in  
T ab le  7 ) .  The RSM b e h a v io u r o f  b o th  a l lo y s  was s im i la r  and i s  i l l u s t r a t e d  
in  F ig u re  47 f o r  a l lo y  2 . On h e a t in g ,  a t  a te m p e ra tu re , Tz , th e  sh ap e - 
s t r a i n  was i n i t i a t e d  and co n tin u e d  w ith  a g ra d u a l in c re a s e  in  a x i a l  
d e f l e c t i o n  u n t i l  th e  maximum s t r a i n  o u tp u t o f  th e  a c tu a to r  was d ev e lo p ed .
On c o o lin g  th e re  was an in v e rs e  change o f shape w hich r e s to r e d  th e  r e v e r s ib l e  
s t r a i n .  The r e s u l t i n g  t r a n s fo rm a tio n a l  h y s te r e s i s  was ~20 °C. T here was 
a v a r i a t i o n  in  Tg betw een th e  two 6 wt% A1 a l lo y s ,  52 °C f o r  a l lo y  1 
and 46 °C fo r  a l lo y  2 , th e  d i f f e r e n c e  c o n s i s te n t  w ith  th e  v a r i a t i o n  in  
a l lo y  co m p o sitio n . I t  w as, how ever, sm all enough to  a llo w  some com parison  
o f th e  r e s u l t s  conducted  on th e se  two a l lo y  b a tc h e s .  The RSM was 
c h a r a c te r i s e d  by th e  s h a p e - s t r a in  b eh av io u r on h e a t in g  and t h i s  i s  shown 
s c h e m a tic a lly  in . F ig u re  48. The shape-memory was c h a r a c te r i s e d  u s in g  two 
p a ra m e te rs :
( i )  Tz th e  o n se t o f s h a p e - s t r a in .
( i i )  6(T) th e  a x i a l  d e f le c t i o n  developed  a t  any te m p e ra tu re , T.
To a llo w  a v a l id  com parison o f th e  e f f e c t  o f t r a n s fo rm a tio n  c y c l in g  on 
th e  RSM th e  a s - r e c e iv e d  c o n d i t io n  o f  th e  m a te r ia l  had to  be s t a b l e  so 
th a t  i t s  b eh av io u r cou ld  be used  as a r e f e r e n c e  datum . In  p r a c t i c e ,  
how ever, s i g n i f i c a n t  v a r i a t io n s  in  a s - r e c e iv e d  re sp o n se  w ere o b se rv e d .
A ty p ic a l  example i s  shown in  F ig u re  49. The common f e a tu r e  o f t h i s  
i n s t a b i l i t y  was an e le v a t io n  of Tz w ith  r e s p e c t  to  t h a t  e x p e c te d , w hich 
cou ld  be r e s to r e d  to  i t s  norm al v a lu e  fo llo w in g  a s in g le  r e v e r s io n  to  
8 -p h ase . The m ajor f a c to r  c o n t r o l l in g  t h i s  b eh av io u r was th e  le n g th  o f
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Fig. 48  Schematic Representation of the Reversion 
Characteristics of a RSME Actuator
tim e th e  a l lo y  had been  h e ld  in  th e  m a r t e n s i t i c  c o n d it io n  fo llo w in g  
therm o-m echan ical p ro c e s s in g  to  RSME. In  RSM p ro c e sse d  a l lo y s ,  th e  
maximum o bserved  m a r t e n s i t i c  s t a b i l i z a t i o n  was 4 °C fo llo w in g  3 months 
ag e in g  a t  room te m p e ra tu re . T his i n s t a b i l i t y  was th e rm a lly  a c t iv a te d  
as can be seen  by a r t i f i c i a l  a g e in g , where s im i la r  4 °C s t a b i l i z a t i o n s  
cou ld  be g e n e ra te d  in  s h o r te r  tim es a t  h ig h e r  te m p e ra tu re s  (F ig u re  5 0 ) .
A lthough t h i s  ap p ea rs  to  make th e  d e f in i t i o n  o f an a s - r e c e iv e d  b eh av io u r 
im p o ss ib le , b ecau se  o f th e  a b i l i t y  to  remove t h i s  ag e in g  phenomenon by 
a s in g le  r e v e r s io n  to  $ -p h a se , th e  a s - r e c e iv e d  datum  was d e f in e d  a s  t h a t  
b eh av io u r fo llo w in g  a  s in g le  u n b ia sed  r e v e r s io n  to  100 °C, and t h i s  d e f i n i t i o n  
was used  on a l l  su b seq u en t m easurem ents.
The f i r s t  s ta g e  in  a s tu d y  o f  th e  e f f e c t  o f c y c l in g  c o n d it io n s  on th e  
R S M -strain  was to  c y c le  an u n b ia sed  a c tu a to r  from  a te m p e ra tu re  below  th e  
tr a n s fo rm a tio n  ran g e  (am bien t -20  °C) to  a  te m p e ra tu re  above th e  
t r a n s fo rm a tio n  ra n g e . The s t a b i l i t y  o f th e  d e f le c t io n / te m p e r a tu r e  
b eh av io u r cou ld  th e n  be u sed  to  a s s e s s  th e  s t a b i l i t y  o f  th e  RSME. The 
r e s u l t s  from  an exp erim en t o f t h i s  k in d  a re  shown in  F ig u re  51 f o r  an 
a l lo y  " is o th e rm a lly "  cy c led  from  am bient to  75 °C. Under th e s e  c o n d it io n s  
th e  T^ te m p e ra tu re  rem ained  s t a b l e ,  and a lth o u g h  th e r e  was some change in  
t r a n s fo rm a tio n  b eh av io u r in  th e  f i r s t  120 c y c le s ,  a  s t a b l e  b e h a v io u r  q u ic k ly  
developed  and th e  maximum r e v e r s ib l e  s t r a i n  o u tp u t was unchanged by 
c y c l in g .  Thus from  t h i s  b e h a v io u r i t  can be concluded  th a t  u n d er b i a s - f r e e  
com plete  r e v e r s io n s ,  th e  d e f le c t io n / te m p e r a tu re  (6 /T ) b eh av io u r i s  
u n a f fe c te d  by c y c l in g .
In  p r a c t i c e ,  how ever, d e v ic e s  o p e ra te  a g a in s t  an a p p lie d  b i a s ,  and th u s  th e  
e f f e c t  o f b ia s  s t r e s s  on th e  t r a n s fo rm a tio n  and th e  su b seq u en t lo n g - te rm  
s t a b i l i t y  o f th e  RSM i s  im p o r ta n t .  The e f f e c t  o f a p p l ie d  b ia s  can be seen
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from  th e  d e f le c t io n / te m p e r a tu re  b e h a v io u r in  F ig u re  52. I n c r e a s in g  th e
b i a s - r a t e  o f th e  c o n v e n tio n a l s p r in g ,  w hich e s s e n t i a l l y  in c re a s e s  th e  b ia s
s t r e s s  a t  any te m p e ra tu re  d u rin g  r e v e r s io n ,  r e s u l t e d  in  s i g n i f i c a n t l y
d i f f e r e n t  shape-memory b e h a v io u r . The o n s e t o f tr a n s fo rm a tio n ,  T^,
rem ained th e  same, as d id  th e  maximum s t r a i n  o u tp u t o f  th e  d e v ic e , b u t
th e  te m p e ra tu re -ra n g e  o f r e v e r s io n  was ex tended  so t h a t  th e  d e f l e c t i o n
o u tp u t a t  any te m p e ra tu re  was red u ce d . The amount o f t h i s  e x te n s io n  o f
r e v e r s io n  ran g e  in c re a s e d  w ith  b ia s  s p r in g - r a te  (o r  b i a s - s t r e s s ) . The
r e s u l t  o f t h i s  b ia s e d  r e v e r s io n  was t h a t  on c y c l in g  to  a c o n s ta n t  maximum
te m p e ra tu re , b ecau se  o f th e  e f f e c t  o f  d i f f e r e n t  a p p l ie d  b i a s ' ,  th e  m a te r ia l
CYCLEwas in  d i f f e r e n t  s ta g e s  o f  s h a p e - s t r a in  developm ent, eg a t  = 50 °C,
com plete  s t r a i n  developm ent on u n b ia sed  c y c l in g  to  a lm ost no s t r a i n  
developm ent in  h ig h ly  b ia se d  m a te r ia l .
On c y c lin g  under th e s e  b ia s e d  c o n d i t io n s ,  th e  change in  d e f le c t io n / te m p e r a tu r e  
b e h a v io u r d u rin g  th e rm al c y c lin g  was c o n s id e ra b ly  d i f f e r e n t  and a  ty p i c a l  
example i s  shown in  F ig u re  53. C ycling  u n d er th e s e  c o n d it io n s  r e s u l t e d  
in  th r e e  s ig n i f i c a n t  changes in  th e  d e f le c t io n / te m p e r a tu re  b e h a v io u r :
( i )  A d e g ra d a tio n  in  th e  RSM s t r a i n ,  w ith  a co n tin u o u s  r e d u c t io n  
in  th e  s t r a i n  o u tp u t .
( i i )  A g ra d u a l in c re a s e  in  T^ d u rin g  th e  e a r ly  numbers o f  c y c le s  
to  a  s t a b l e  e le v a te d  l e v e l .
( i i i )  The developm ent o f  p la te a u x  on th e  r e v e r s io n  cu rv es  in d i c a t i v e  
o f a te m p e ra tu re  range  ov er w hich no s h a p e - s t r a in  developm ent 
was o c c u r r in g .
The l a t t e r  change, ( i i i ) ,  was a t r a n s i e n t  phenomenon, as can be seen  from  
F ig u re  54. By a s in g le  r e v e r s io n  to  8 -p h ase  th e  p la te a u  cou ld  be rem oved, 
and p l a te a u - l e s s  r e v e r s io n  b eh av io u r r e s to r e d .  The d e g ra d a tio n  in  maximum
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s t r a i n - o u t p u t ,  how ever, p e r s i s t e d .  The so u rce  o f t h i s  phenomenon was 
n o t tr a n s fo rm a tio n  c y c l in g ,  as cou ld  be seen  by is o th e rm a lly  ageing  
specim ens a t  th e  maximum te m p e ra tu re  employed in  th e  c y c lin g  exp erim en ts  
(F ig u re  5 5 ) .  On in c re a s in g  age in g  tim e , th e  p la te a u  became b o th  lo n g e r ,  
i e  th e  d eg ree  o f  s t a b i l i z a t i o n  o f  th e  r e v e r s io n  in c re a s e d ,  and th e  
amount o f  s t r a i n  g e n e ra te d  a t  th e  ag e in g  te m p e ra tu re  d e c re a se d . Thus 
t h i s  change in  b e h a v io u r  induced  d u rin g  tra n s fo rm a tio n  c y c l in g  was a 
t r a n s i e n t  age ing  phenomenon, and n o t d i r e c t l y  due to  tr a n s fo rm a tio n  c y c l in g .  
T h is  phenomenon added to  th e  t o t a l  l e v e l  o f s h a p e - s t r a in  d e g ra d a tio n ,  
b u t s in c e  i t  d id  n o t r e s u l t  from  tra n s fo rm a tio n  c y c l in g  i t s e l f ,  i t  was 
alw ays removed p r io r  to  m easurem ent o f th e  d e f le c t io n / te m p e r a tu r e  b e h a v io u r 
by u n b ia sed  r e v e r s io n  to  100 °C. The c y c l in g  r e s u l t s  a f t e r  a p ro c e s s  o f 
t h i s  ty p e  showed no ev id en ce  o f s t a b i l i z a t i o n  p la te a u x  (F ig u re  56) b u t 
s t i l l  e x h ib i te d  d e g ra d a tio n  in  th e  RSM s t r a i n  and an e le v a te d  T^.
To a n a ly se  t h i s  d e g ra d a tio n  b eh av io u r more c lo s e ly  th e  d e g ra d a tio n  b eh a v io u r 
can be n o rm a lised  in  term s o f th e  change from  th e  undegraded d e f l e c t i o n  
a t  any s e le c te d  te m p e ra tu re  (F ig u re  5 7 ) ,  i e
VT)
«2(t) = nN 6q(T)
Where: S^(T) i s  th e  n o rm a lised  d e f le c t i o n  a t  T a f t e r  N -c y c le s .
Sjj(T) i s  th e  m easured d e f le c t i o n  a t  T a f t e r  N -c y c le s . 
6q (T) i s  th e  a s - r e c e iv e d  d e f le c t i o n  a t  T.
T his a llo w s th e  d i r e c t  com parison  o f  specim ens c y c le d  under th e  same 
c o n d i t io n s ,  b u t which e x h ib i t  s l i g h t  v a r i a t io n s  in  th e  o r ig i n a l  s t r a i n  
o u tp u ts .  U sing th i s  n o rm a l is a t io n ,  th e  b eh av io u r on c y c l in g  u n d er a s in g le  
s e t  o f c o n d itio n s  o f maximum te m p e ra tu re  and b i a s - r a t e  f a l l  on to  a s in g le
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c u rv e , a t y p i c a l  exam ple o f w hich i s  shown in  F ig u re  58. The r e v e r s io n  
d a ta  was n o rm a lised  a t  two te m p e ra tu re s  to  e n su re  t h a t  a c h a r a c t e r i s t i c  
m easurem ent o f th e  d e g ra d a tio n  b eh av io u r was o b ta in e d . Both cu rv es  show 
an i n i t i a l  r a p id  d e g ra d a tio n  in  s h a p e - s t r a in  w ith in  th e  f i r s t  100 
t r a n s fo rm a tio n  c y c le s ,  fo llo w ed  by a co n tin u o u s  d e g ra d a tio n  a t  a c o n s ta n t  
and low er r a t e .  A lthough th e  r a t e  o f d e g ra d a tio n  d e c re a se s  to  a low er 
l e v e l ,  th e  p e rc e n ta g e  d e g ra d a tio n  in  s t r a i n  o u tp u t i s  30% w ith in  600 
th e rm al c y c le s  w hich i s  t o t a l l y  u n a c c e p ta b le  f o r  lo n g -te rm  RSME a p p l ic a t io n s .
To in v e s t ig a t e  t h i s  d e g ra d a tio n  f u r t h e r ,  a ran g e  o f c y c l in g  ex p erim en ts  
w ere conducted  in  w hich a c tu a to r s  w ere cy c le d  a g a in s t  v a r io u s  b i a s - r a t e s  
to  v a r io u s  maximum c y c l in g  te m p e ra tu re s . F ig u re  59 shows th e  e f f e c t  o f 
v a ry in g  b i a s - r a t e s  on th e  d e g ra d a tio n  o f th e  RSM s t r a i n  d u rin g  c y c l in g  to  
a c o n s ta n t maximum te m p e ra tu re . I t  i s  c l e a r  t h a t  in c re a s in g  th e  b i a s - r a t e  
(w hich e s s e n t i a l l y  r e s u l t s  in  a h ig h e r  b i a s - s t r e s s  spectrum  d u r in g  th e  
th e rm al c y c le )  r e s u l t s  in  b o th  a more r a p id  r a t e  o f  d e g ra d a tio n , and a  
la r g e r  t o t a l  m agnitude o f d e g ra d a tio n .
F ig u re  60 shows th e  e f f e c t  o f c y c lin g  to  d i f f e r e n t  maximum te m p e ra tu re s  
w h i ls t  s u b je c te d  to  a c o n s ta n t  b i a s - r a t e .  These r e s u l t s  a re  more d i f f i c u l t  
to  i n t e r p r e t  s in c e  as  a r e s u l t  o f th e  s p r in g - b ia s  a rran g em en t, in c re a s e s  
in  te m p e ra tu re  (and th u s  6) a ls o  r e s u l t  in  in c re a s e s  in  lo a d . However, 
d e s p i te  th e  f a c t  t h a t  two p a ram ete rs  v a ry ,  i t  can be seen  th a t  th e  r a t e  
and t o t a l  l e v e l  o f d e g ra d a tio n  d e c re a se s  w ith  in c re a s in g  maximum c y c l in g  
te m p e ra tu re , and th u s  th e  te m p e ra tu re  change m ust be more s i g n i f i c a n t  th a n  
th e  s l i g h t  in c re a s e  in  lo a d , and t h a t  th e  d e g ra d a tio n  p ro c e ss  i s  b o th  
te m p era tu re  and s t r e s s  s e n s i t i v e .
The e f f e c t  o f a l lo y  co m position  on th e  d e g ra d a tio n  p ro c e ss  i s  shown in  
F ig u re  61 w hich compares th e  r e s u l t s  from  6 and 7 wt% A1 a l l o y s .  The
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7 wt% A1 a l lo y  e x h ib i te d  a s l i g h t l y  low er te m p era tu re  th a n  th e  6 wt% A1 
a l lo y s  used  in  a l l  th e  p re v io u s  c y c l in g  e x p e rim e n ts . However, to  a llo w  
a t r u e  com parison o f  th e  e f f e c t  o f co m p o sitio n  on th e  d e g ra d a tio n  th e  
7 wt% A1 a l lo y  had to  be cy c led  u nder i d e n t i c a l  c o n d itio n s  to  th e  6 wt% A1 
a l l o y .  S ince  p re v io u s  m acroscop ic  r e s u l t s  in d ic a te d  th a t  a  s t r e s s - in d u c e d  
phenomenon was a s s o c ia te d  w ith  th e  d e g ra d a tio n  p ro c e ss  (b ecau se  o f th e  
p re se n c e  o f a s t r e s s  and te m p e ra tu re  s e n s i t i v e  p ro c e ss  in  a m a r t e n s i t i c  
a l lo y )  and th e s e  phenomena s c a le  w ith  th e  te m p e ra tu re  r e l a t i v e  to  th e  Ms 
r a th e r  th a n  th e  a b s o lu te  te m p e ra tu re , th e  7 wt% A1 a l lo y  was c y c le d  to  a 
maximum te m p e ra tu re  w hich was th e  same r e l a t i v e  te m p e ra tu re , i e  + AT 
as th a t  employed in  th e  case  o f th e  6 wt% A1 a l lo y ,  i e  to  75 °C (T^ + 23 °C ). 
S in ce  th e  c y c lin g  c o n d it io n s  were i d e n t i c a l  in  th e  6 and 7 wt% A1 a l l o y s ,  
th e  r e s u l t s  in  F ig u re  61 in d ic a te  t h a t  th e  d e g ra d a tio n  in  RSM induced  
by c y c lin g  i s  c o m p o s itio n a lly  s e n s i t i v e ,  b e in g  s i g n i f i c a n t l y  low er in  
h ig h e r  A l-c o n te n t a l lo y s .
D e sp ite  th e  a p p a re n t s t a b i l i t y  of t h i s  e y e l in g - in d u c e d  d e g ra d a tio n ,  in  
c o n t r a s t  to  o th e r  t r a n s i e n t  age in g  phenomena, th e  d e g ra d a tio n  was i t s e l f  
u n s ta b le  d u rin g  lo n g e r- te rm  is o th e rm a l a g e in g . T h is  i s  i l l u s t r a t e d  in  
F ig u re  62. On p ro lo n g ed  age in g  a t  100 °C th e  degraded  s t r a i n - o u t p u t  
co u ld  be r e s to r e d  to  app ro ach in g  90% o f i t s  u n cy c led  l e v e l .  T here  w as, 
how ever, 10% o f th e  d e g ra d a tio n  which was i r r e v e r s i b l e .
F ig u re  63 sum m arises th e  m a c ro sc o p ic -c y c lin g  r e s u l t s .  There was a 
t r a n s fo rm a tio n -c y c l in g  induced  d e g ra d a tio n  in  RSM s t r a i n  w hich was b o th  
s t r e s s  ( b ia s - r a t e )  and te m p e ra tu re  d ep en d en t. T h is  d e g ra d a tio n  c o n s is te d  
o f a r e v e r s ib l e  and i r r e v e r s i b l e  component (F ig u re  62) and was 
c o m p o s itio n a lly  s e n s i t i v e  (F ig u re  6 1 ) .
* See Appendix
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6 .2  Combined M acroscopic -  C ycling  and R e s i s t i v i t y
F ig u re  64 c o n ta in s  a c r o s s - p lo t  o f th e  s im u lta n e o u s ly  m easured d e f l e c t i o n
and r e s i s t i v i t y  changes d u rin g  a r e v e r s io n  c y c le .  The r e s i s t i v i t y  changes
a re  a m easure o f th e  r e v e r s io n  c h a r a c t e r i s t i c s  o f th e  m a r te n s i t i c
tra n s fo rm a tio n ,  and showed a w e ll -d e f in e d  o n s e t o f  t r a n s fo rm a tio n ,  As ,
a t  36 .5  °C in  th e  3 wt% A1 a l l o y .  By c o n t r a s t  th e  6/T b e h a v io u r i s  a
m easure o f th e  m a r te n s i te s  w hich a re  r e s p o n s ib le  f o r  th e  g e n e ra tio n  o f
s h a p e - s t r a in .  When p lo t t e d  to g e th e r  th e s e  r e s u l t s  show th a t  th e  o n s e t
o f s h a p e - s t r a in ,  T„, i s  d is p la c e d  from th e  A (~ 6 °C h ig h e r  in  th e  Zi s
3 wt% A1 a l lo y )  and t h a t  th e r e  i s  some tra n s fo rm a tio n  p r io r  to  w hich 
d evelops no s h a p e - s t r a in .  At a m acroscop ic  s h a p e - s t r a in  i s  g e n e ra te d , 
b u t even a f t e r  s i g n i f i c a n t  changes in  r e s i s t i v i t y  th e r e  i s  s t i l l  on ly  
a sm all s h a p e - s t r a in ,  in d ic a t in g  th a t  th e  t r a n s fo rm a tio n  i s  dom inated  
by non s h a p e - s t r a in  g e n e ra tin g  m a r te n s i te s .
This can be seen  more c l e a r l y  in  a c r o s s - p lo t  o f  th e  s h a p e - s t r a in  developm ent 
on in c re a s in g  te m p e ra tu re , and th e  f r a c t i o n  o f  m a r te n s i te  r e v e r te d
5’C
(F ig u re  6 5 ) . I t  i s  c l e a r  th a t  10% o f th e  t r a n s fo rm a tio n  p ro ceed s  b e fo re
th e re  i s  any s h a p e - s t r a in  g e n e ra te d , and th a t  th e  s t r a i n  g e n e ra te d  i s
sm all (< 30% o f 6 . u n t i l  ~ 70% re v e r s io n  o f th e  m a r te n s i te .  I t  i s  on ly  MAX J
d u rin g  th e  l a s t  30% o f th e  r e v e r s e  tra n s fo rm a tio n  th a t  th e  rem a in in g  70% 
o f th e  shape change i s  g e n e ra te d . Thus th e  a c t iv e  s h a p e - s t r a in  g e n e ra t in g  
m a r te n s i te s  a re  a  r e l a t i v e l y  sm a ll f r a c t i o n  o f  th e  m a r te n s i te s  p r e s e n t ,  
and a re  th e  l a s t  to  r e v e r t  (and because  o f th e  th e rm o e la s t ic  n a tu re  o f 
th e  tra n s fo rm a tio n  m ust have been th e  f i r s t  v a r i a n t s  to  fo rm ).
F ig u re  66 i l l u s t r a t e s  th e  e f f e c t  o f v a r i a t io n s  in  th e  b i a s - r a t e  on th e  
tr a n s fo rm a tio n  b eh av io u r as de term ined  by r e s i s t i v i t y  m easurem ents. I t  i s  
c l e a r  from  th e s e  r e s u l t s  t h a t  th e  Ag i s  u n a f fe c te d  by th e  b i a s - r a t e  o f th e
* See Appendix ;
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sp r in g  a rran g em en t, s in c e  th e  b ia s  s t r e s s  does n o t develop  u n t i l  T^. 
However, when s t r e s s  does develop  i t  a l t e r s  th e  r e v e r s io n  c h a r a c t e r i s t i c s  
such th a t  a tr a n s fo rm a tio n  t a i l  d e v e lo p s , th e  le n g th  o f w hich depends 
on th e  le v e l  o f th e  a p p l ie d  b i a s .  T h is  t r a n s fo rm a tio n  t a i l  d e v ia te s  from  
th e  u n b ia sed  b eh av io u r a t  70 to  80% re v e r s io n  and th e r e f o r e  m ust r e s u l t  
from  th e  e f f e c t  o f a p p l ie d  s t r e s s  on th e  m a r te n s i te s  g e n e ra t in g  th e  sh ap e- 
change. T his can be confirm ed  by com paring th e  d e f le c t io n / te m p e r a tu re  
and r e s i s t i v i t y / t e m p e r a tu r e  d a ta  (F ig u re  67) w here i t  i s  c l e a r  t h a t  th e  
change in  r e v e r s io n  c h a r a c t e r i s t i c s  o f th e  a c t iv e  sh a p e -g e n e ra tin g  
m a r te n s i te s  under a p p l ie d  s t r e s s  r e s u l t s  in  th e  observed  d i f f e r e n c e  in  
d e f le c t io n / te m p e r a tu re  b eh av io u r d u rin g  b ia s e d  r e v e r s io n s .
D uring m acroscop ic  tr a n s fo rm a tio n  c y c l in g ,  s h i f t s  in  w ere o b serv ed  
and to  in v e s t ig a t e  th e  so u rce  o f th e se  s h i f t s  an a c tu a to r  was c y c le d  
w h i ls t  b o th  th e  d e f le c t io n / te m p e r a tu re  and r e s i s t i v i t y  change on 
tra n s fo rm a tio n  w ere m o n ito red . The r e s u l t s  from  a s e r i e s  o f  c y c le s  o f 
t h i s  ty p e  a re  shown in  F ig u re  68. The d e f le c t io n / te m p e r a tu re  b e h a v io u r 
shows th e  developm ent o f a 4 °C e le v a t io n  o f  T^ d u rin g  th e  e a r ly  s ta g e  
o f c y c l in g ,  s im i la r  to  t h a t  observed  fo llo w in g  m acroscop ic  c y c l in g  
(F ig u re  5 6 ) . The r e s i s t i v i t y  change d a ta ,  how ever, does n o t r e v e a l  
s i g n i f i c a n t  changes in  th e  p o s i t i o n .o f  th e  t r a n s fo rm a tio n  (As and 
rem ain  c o n s ta n t ) . There w as, how ever, a v a r i a t i o n  in  th e  r e v e r s io n  
c h a r a c t e r i s t i c s  betw een th e  As and A f, from  -10 to  90% r e v e r s io n ,  a f t e r  
w hich th e  b eh av io u r was s t a b l e .  Thus in c re a s e s  in  th e  T^ d u rin g  
tra n s fo rm a tio n  c y c l in g  do n o t r e s u l t  from  changes in  th e  c r i t i c a l  
te m p e ra tu re s  o f  tr a n s fo rm a tio n ,  b u t a re  due to  s l i g h t  changes in  th e  
r e v e r s io n  c h a r a c t e r i s t i c s  o f th e  m a r te n s i te s ,  p a r t i c u l a r l y  th e  e a r ly  
s h a p e -g e n e ra tin g  v a r i a n t s ,  w hich cau ses  a s l i g h t  e le v a t io n  in  T^.
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Fig. 67 Cross-plot of Deflection and Resistivity Changes  
on Reversion for 3 wt%AI Actuators Subjected
to Various Bias-rates
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Fig. 68 The Effect of Early Biased Transformation Cycles
on the Stability of Tz and Reversion Behaviour of a
3 wt%AI Alloy {vs 7Nmm_1 Bias-rate)
6 .3  O p tic a l M icroscopy
F ig u re  69 shows a d i r e c t  o b s e rv a tio n  o f  an u n b ia sed  r e v e r s io n  in  a 
6 wt% A1 a l l o y ,  and i l l u s t r a t e s  a ty p i c a l  th e rm o e la s t ic  tr a n s fo rm a tio n  
w ith  th e  co n tin u o u s  s h r in k in g  o f p la t e s  on h e a t in g  u n t i l  th e  a l lo y  i s  
f u l l y  r e v e r te d  to  3 -p h ase . D uring  u n b ia se d  tra n s fo rm a tio n s  o f t h i s  ty p e  
th e  tr a n s fo rm a tio n  c h a r a c t e r i s t i c s  w ere q u i t e  norm al w ith  a  re p ro d u c ib le  
grow th o f  th e  m a r te n s i te  m orphology, a r e l a t i v e l y  narrow  r e v e r s io n  ran g e  
(10 to  12 °C in  th e  a l lo y  in  F ig u re  69) and a narrow  h y s te r e s i s  o f 
tr a n s fo rm a tio n  (-15  °C)
The a l lo y s  c y c le d  under u n b ia sed  c o n d it io n s  were cy c led  betw een th e  100% 
m a r te n s i te  c o n d i t io n  and th e  f u l l y  r e v e r te d  3 -p h ase , co rre sp o n d in g  to  th e  
te m p e ra tu re s  employed in  m acroscop ic  c y c l in g  e x p e rim e n ts . D uring  t h i s  
c y c lin g  a re p ro d u c ib le  m a r te n s i te  m orphology developed  on each  fo rw ard  
tra n s fo rm a tio n  (F ig u re  7 0 ) . I t  i s  th e r e f o r e  c l e a r  t h a t  u n b ia se d  
tra n s fo rm a tio n  c y c lin g  does n o t in tro d u c e  any changes in  th e  m a r te n s i te  
m orphology a t  th e  o p t i c a l  l e v e l .
In  an a tte m p t to  d e te rm in e  th e  e f f e c t  o f  b'iased  t r a n s fo rm a tio n  c y c l in g  on 
th e  m a r te n s i te  morphology m e ta llo g ra p h ic  ex am in a tio n  o f m a c ro s c o p ic a lly  
degraded  specim ens was c a r r i e d  o u t w ith  th e  aim o f com paring th e  
m ic ro s tru c tu r e s  o f u n t r a in e d ,  a s - r e c e iv e d ,  R S M -trained , l i g h t l y  degraded  
and h e a v i ly  degraded  m a t e r i a l .
F ig u re  71 shows th e  m a r te n s i te  morphology induced  by quenching  a 6 wt% A1 
u n tra in e d  a l lo y .  The m a r te n s i te  v a r ia n ts  w ere e a s i l y  d i s t in g u is h e d  by t h e i r  
c o lo u r  c o n t r a s t ,  and e x h ib i te d  a se lf-accom m odating  m orphology. F ig u re  71 (a) 
shows th e  ’V’- ty p e  se lf-accom m odating  grow th w ith  fo u r  v a r i a n t s  c o n ta in e d  
in  a p l a t e  g roup , and 71(b) an i n t e r - p l a t e  group boundary w ith  d i f f e r e n t  j
c o lo u r  c o n t r a s t  on e i t h e r  s id e  o f th e  boundary a s  a r e s u l t  o f  th e  d i f f e r e n t  |
• • 'p l a t e  o r i e n t a t i o n s .  j
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F i g u r e  69 -  U nb ia sed  R e v e r s i o n  Cyc le  i n  a 6 wt%Al A l l o y .
(a)  30 °C (b) 40 °C (c)  46 °C (d) 50 °C
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F i g u r e  69 (C on t inued )
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F i g u r e  70 -  The E f f e c t  o f  Unbiased  C y c l in g  to  75 °C on t h e  Room T e m p e r a tu r e
M a r t e n s i t e  Morphology o f  a 6 wt%Al A l l o y .
(a)  111 C yc le s  (b) 211 C y c le s  (c) 311 C y c le s
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F i g u r e  70 ( C on t inue d )
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F i g u r e  71 M a r t e n s i t e  Morphology i n  an U n t r a i n e d  6 wt%Al RSME A l l o y .
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The m orpho log ies o f  th e  RSM t r a in e d  a l lo y s  w ere s i g n i f i c a n t l y  d i f f e r e n t ,  
and a r e  i l l u s t r a t e d  in  F ig u re  72. F o llo w in g  RSM t r a i n in g ,  th e  a l lo y s  
e x h ib i te d  a m orphology w hich c o n ta in e d  re g io n s  e x h ib i t in g  se lf-acco m m o d a tio n , 
b u t m ost o f th e  specim en c o n s is te d  o f non se lf-accom m odating  p l a t e s .
F ig u re  72 (a) i l l u s t r a t e s  a ty p i c a l  r e g io n  o f  t h i s  ty p e  w ith  p a r a l l e l - s i d e d  
v a r ia n t s  o f two h a b i t - p la n e  ty p e s ,  th e  m ic ro s tru c tu r e  now c o n s is t in g  o f  
p redom inan t v a r i a n t s .  A lthough th e  R SM -trained a l lo y s  c o n ta in e d  p redom inan t 
v a r i a n t s ,  in  some re g io n s  th e  c o n v e rs io n  to  t h i s  m orphology was in co m p le te  
as shown in  F ig u re  7 2 (b ) . T h is i l l u s t r a t e s  a re g io n  c o n ta in in g  p redom inan t 
v a r i a n t s  b u t o f a more se lf-accom m odating  n a tu re  as a r e s u l t  o f th e  p re sen ce  
o f more v a r ia n t s  w ith in  th e  m orphology. There was a s l i g h t  v a r i a t i o n  in  
th e  m a r te n s i te  m ic ro s t ru c tu r e  th ro u g h  th e  s e c t io n  o f th e  specim ens, w ith  
th e  p re sen ce  o f a more p redom inan t s t r u c t u r e  in  m a te r ia l  a t  th e  o u te r  
f i b r e  o f  th e  sp r in g  a c tu a to r s .  T h is i s  c o n s is te n t  w ith  th e  s t r e s s  system  
in  com pressed h e l i c a l  s p r in g s  w hich h as  a maximum sh e a r  s t r e s s  a t  th e  
o u te r  f i b r e ,  where th e  r e s u l t i n g  m ic ro s tru c tu r e  th e r e f o r e  shows more s ig n  
o f s t r e s s - in d u c e d  phenomena.
In  m a c ro sc o p ic a lly -c y c le d  specim ens s u b je c te d  to  b ia s  d u rin g  t r a n s fo rm a t io n ,  
c o n s id e ra b le  d i f f e r e n c e s  in  th e  m a r te n s i te  m orpho log ies w ere o b se rv e d .
The o b s e rv a tio n  o f  changes in  m orphology in  a l lo y s  o f t h i s  ty p e  in  non 
i n - s i t u  exp erim en ts  must alw ays be t r e a t e d  w ith  c a re  as  a  r e s u l t  o f  th e  
a l l o y 's  s e n s i t i v i t y  to  s t r e s s  and p ro c e s s in g  r o u te .  I t  i s  n o t  in c o n c e iv a b le  
t h a t  th e se  f e a tu r e s  were p re s e n t  in  th e  u n cy c led  c o n d it io n  and th a t  th e y  
w ere due sim ply  to  in h e re n t  v a r i a t io n s  betw een specim ens. I t  i s  a l s o  
p o s s ib le  th a t  th ey  may have r e s u l t e d  from  th e  m e ta llo g ra p h ic  p r e p a r a t io n  
r o u te .  In  an a tte m p t to  c l a r i f y  t h i s  prob lem , a la rg e  number o f specim ens 
a t  each le v e l  o f m acroscop ic  d e g ra d a tio n , w ere s u b je c te d  to  m e ta l lo g ra p h ic  
ex am in a tio n , a l l  b e in g  p rep a red  by th e  same c a r e f u l  m e ta llo g ra p h ic  r o u te .
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S ince  th e re  w ere s t i l l  v a r i a t io n s  in  th e  s t r u c tu r e s  a s s o c ia te d  w ith  
d i f f e r e n t  le v e ls  o f d e g ra d a tio n  d e s p i te  an id e n t i c a l  p r e p a ra t io n  r o u te ,  
i t  was concluded  th a t  th e s e  s t r u c t u r a l  changes w ere n o t a r t i f a c t s ,  b u t 
m o rp h o lo g ica l changes induced  by th e  d e g ra d a tio n  p ro c e s s .  The r e s u l t  of 
o b s e rv a tio n s  on many specim ens a ls o  in d ic a te d  th a t  th e  volume f r a c t io n  
o f th e s e  f e a tu r e s  in c re a s e d  w ith  th e  d eg ree  of m acroscop ic  s h a p e - s t r a in  
d e g ra d a tio n . Thus i t  ap p ea rs  t h a t  b ia s e d  t r a n s fo rm a tio n  c y c l in g  induces 
m o rp h o lo g ica l chan g es, th e  volume f r a c t io n  o f  w hich i s  a s s o c ia te d  w ith  th e  
le v e l  o f m a c ro sc o p ic a lly -o b se rv e d  d e g ra d a tio n .
The m o rp h o lo g ica l changes induced  in  th e  m a r te n s i te s  d u rin g  d e g ra d a tio n  
f e l l  in to  th r e e  c a t e g o r ie s ;
(a) The developm ent o f e x te n s iv e  g ra in -b o u n d a ry  p la te -g ro u p  
m o rp h o lo g ies , a ty p ic a l  o f th e  p redom inan t v a r i a n t s  w i th in  th e  
b u lk  o f th e  g r a in .
(b) The fo rm a tio n  o f ’f e a th e r y ’- ty p e  m a r te n s i te s  w ith in  th e  
p redom inan t v a r i a n t s ,  p rod u cin g  a more se lf-accom m odating  
m orphology.
(c ) The fo rm a tio n  o f d i s t i n c t  p la te -g ro u p s  betw een th e  p r i o r  
p redom inan t v a r i a n t s , w hich . a re  a ty p ic a l  o f  th e  p redom inan t 
v a r i a n t s  in  w hich they  form .
In  a l l  th e s e  c a se s  th e  new v a r i a n t  s t r u c t u r e s  s t i l l  e x h ib i te d  c o lo u r  
c o n t r a s t  i n d i c a t iv e  o f d i f f e r e n t  o r i e n t a t i o n  v a r i a n t s  o f B '-18R  m a r te n s i te ,  
r a th e r  th a n  th e  p re se n c e  o f a new m a r te n s i te  p h a se .
The m o rp h o lo g ica l change a t  g ra in  b o u n d a rie s  i s  i l l u s t r a t e d  in  F ig u re  73. 
F ig u re  73(a) shows th e  ty p ic a l  form o f th e s e  s t r u c t u r e s ,  w ith  a p a r a l l e l ­
s id e d  v a r ia n t  m orphology w ith  p la te -g ro w th  ap p ro x im ate ly  p a r a l l e l  to  th e  
g ra in -b o u n d a ry . The s iz e  o f th e se  g ra in  boundary re g io n s  in c re a s e d  in
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F i g u r e  73 -  M a r t e n s i t e  Morphology i n  a Degraded  6 wt%Al A l l o y  Showing
G r a in - b o u n d a r y  D e g r a d a t i o n  F e a t u r e s .
150
_■ m a te r ia l  showing in c r e a s in g ly  h ig h e r  l e v e ls  o f  s h a p e - s t r a in  d e g ra d a tio n .
In  a d d i t io n  to  th e  grow th p a r a l l e l  to  th e  boundary , th e re  w ere a ls o  
’ f i n g e r - l i k e ’ e x te n s io n s  o f t h i s  morphology in to  th e  predom inant v a r i a n t  
r e g io n s ,  as shown in  F ig u re  7 3 (b ) .
The second ty p e  o f m o rp h o lo g ica l change w ith in  th e  3 ’ v a r i a n t s  i s  shown 
_in  F ig u re  74. T h is  i l l u s t r a t e s  a ty p i c a l  re g io n  o f predom inant v a r ia n t  
m orphology w hich fo llo w in g  b ia se d  tra n s fo rm a tio n  c y c l in g  c o n ta in s  a t h i r d  
’ f e a th e r y ’ v a r i a n t ,  th e  volume f r a c t io n  o f which a g a in  in c re a s e s  w ith  th e  
l e v e l  o f  m acroscop ic  d e g ra d a tio n . These ’f e a t h e r y ’ v a r i a n t s  form ed w ith in  
one o f th e  p r io r  p redom inan t v a r ia n ts  and produced a s t r u c tu r e  o f a 
more se lf-accom m odating  ty p e .
The form  o f t h e  d e g ra d a tio n - in d u c e d  ’new p la te - g r o u p s ’ i s  shown in  
F ig u re  75, which a ls o  shows t h a t  a l l  th r e e  d e g ra d a tio n - in d u c e d  f e a tu r e s  
u s u a l ly  c o e x is te d -w ith in  th e  same re g io n  o f m ic r o s t r u c tu r e .  These f iv e  
p la te -g ro u p s  showed c o lo u r  c o n t r a s t  and w ere th e r e f o r e  o f th e  3 ’ m a r te n s i te  
ty p e , b u t were o f a co m p le te ly  d i f f e r e n t  o r i e n t a t i o n  and q u i te  a ty p ic a l  
o f th e  p redom inan t v a r i a n t s  in  w hich th e y  form ed.
In  a d d i t io n  to  th e  a p p a re n t co n tin u o u s developm ent o f th e s e  f e a tu r e s  d u r in g  
th e  m acroscop ic  d e g ra d a tio n  p ro c e s s ,  m e ta llo g ra p h ic  specim ens w ere a l s o  
removed from  m a c ro sc o p ic a lly  degraded  specim ens w hich had been  su b se q u e n tly  
is o th e rm a lly  aged a t  100 °C to  r e s to r e  th e  m a jo r i ty  o f th e  degraded  
. s h a p e - s t r a in .  These specim ens e x h ib i te d  a l l  o f  . th e se  d e g ra d a tio n  f e a t u r e s ,  
b u t to  a much s m a lle r  e x te n t  th a n  h e a v i ly  degraded  sam ples.
6 .4  Scanning E le c tro n  M icroscopy
A l im ite d  amount of scan n in g  e le c t r o n  m icroscopy  was conducted  on sam ples 
o f th e  6 wt% A1 a l lo y .  U sing e le c t r o n  m icroscopy  removed th e  o p t i c a l
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F i g u r e  74 -  M a r t e n s i t e  Morphology i n  a Degraded  6 wt%Al RSME A l l o y  Showing
t h e  P r e s e n c e  o f  " F e a t h e r y ” V a r i a n t s .
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F i g u r e  75 -  M a r t e n s i t e  Morphology i n  a Degraded  6 wt%Al RSME A l l o y  Showing
"New A t y p i c a l  P l a t e - G r o u p s "  C o e x i s t i n g  w i t h  a l l  t h e  o t h e r  
D e g r a d a t i o n  F e a t u r e s .
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a n is o tro p y  c o n t r a s t  m echanism, however th e  m a r te n s i te  p la t e s  cou ld  s t i l l  
be s a t i s f a c t o r i l y  imaged by t h e i r  s u r fa c e  r e l i e f .  The aim o f scan n in g  
e le c t r o n  m icroscopy  was to  o b ta in  s t r u c t u r a l  in fo rm a tio n  from  specim ens 
employed in  o p t i c a l  m icroscopy , and t h i s  was a ttem p ted  u s in g  th e  S e le c te d  
A rea C h an n e llin g  mode. U n fo r tu n a te ly ,  no u s e fu l  in fo rm a tio n  co u ld  be 
o b ta in e d  from  t h i s  te c h n iq u e  as a r e s u l t  o f  s e v e re  e l l i p t i c a l  d i s t o r t i o n  
o f th e  c h a n n e llin g  p a t t e r n s .  Problem s a ro se  as  a r e s u l t  o f  th e  e f f e c t i v e  
g r a in - s iz e s  o f th e  m a r te n s i te  p l a t e s  ( p la t e  w id th s  < 5 pm) w hich i n i t i a l l y  
caused  th e  su p e r im p o s itio n  o f a t  l e a s t  two c h a n n e llin g  p a t te r n s  from  
a d ja c e n t p l a t e s .  However, even when s u i ta b ly  la rg e  v a r ia n ts  and sm all 
e l e c t r o n  s p o t - s iz e s  w ere used  e l l i p t i c a l  d i s t o r t i o n  o f th e  c h a n n e llin g  
p a t te r n s  s t i l l  o c c u r re d . Even u s in g  a b i c r y s t a l  c o n ta in in g  v a r i a n t s  
~10 pm w ide co u ld  n o t av o id  t h i s  problem . I t  became c l e a r  t h a t  t h i s  
e l l i p t i c a l  d i s t o r t i o n  r e s u l t e d  from  th e  e x te n s iv e  c o l l e c t io n  o f c h a n n e llin g  
d a ta  from  th e  p ro x im ity  o f th e  m a r te n s i te  in t e r f a c e s  w hich , b ecau se  o f 
th e  th e rm o e la s t ic  b a la n c e , a re  dom inated by e l a s t i c  s t r a i n .
6 .5  T ran sm issio n  E le c tro n  M icroscopy
F ig u re  76 c o n ta in s  ty p ic a l  m icrographs o f  m a r te n s i te s  in  an u n cy c led  
RSM E-trained a l lo y .  F ig u re  76(a) shows a r e g io n  c o n ta in in g  th e s e  m a r te n s i te  
p la te s  s e p a ra te d  by in t e r v a r i a n t  b o u n d a r ie s . The p la te s  w ere h e a v i ly  
f a u l t e d  as can be seen  in  F ig u re  76(b) w hich i s  th e  same re g io n  as 
F ig u re  76 (a) b u t t i l t e d  to  a d i f f r a c t i o n  c o n d i t io n  where th e  i n t e r n a l  
f a u l t in g  i s  in  c o n t r a s t .
F ig u re  77 (a) shows a la rg e  m a r te n s i te  p l a t e  in  an o r i e n t a t i o n  e x h ib i t in g  
an arrangem ent o f  e x t in c t io n  co n to u rs  in d i c a t iv e  o f a sim ple  c r y s ta l lo g r a p h ic  
p o le , and F ig u re  77(b) i l l u s t r a t e s  th e  s im ple  d i f f r a c t i o n  p a t t e r n  o b ta in e d  
from  t h i s  re g io n .
153
150 nm
R 150nm
°  A L
F i g u r e  76 -  (a)  M a r t e n s i t e  P l a t e s  i n  an Uncyc led  A l l o y .
(b) The Same P l a t e s  w i t h  I n t e r n a l  F a u l t i n g  i n  C o n t r a s t
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BF i g u r e  77 -  (a)  L a rge  M a r t e n s i t e  P l a t e  w i t h  an Arrangement  o f  E x t i n c t i o n
C o n t o u r s .
(b) D i f f r a c t i o n  P a t t e r n  from t h i s  Simple P o le  A x i s .
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F ig u re  78 (a) shows two la r g e  m a r te n s i te  p l a t e s  s e p a ra te d  by an i n t e r p l a t e  
boundary , and (b) and (c) th e  d i f f r a c t i o n  p a t te r n s  o b ta in e d  from  th e  
p la te s  e i t h e r  s id e  o f t h i s  boundary . The d i f f e r e n c e  betw een th e  p a t te r n s  
i s  in d i c a t iv e  o f t h i s  boundary b e in g  an i n t e r v a r i a n t  boundary s e p a ra t in g  
two h a b i t - p la n e  v a r i a n t s .
On h e a t in g  th e  u n cy c led  m a te r i a l ,  r e v e r s io n  o f  th e s e  p la te s  o ccu rred  
p ro d u c in g  a s in g le  p hase  m a te r ia l ,  and th e  p l a t e  re g io n s  w hich p re v io u s ly  
e x h ib i te d  d i f f e r e n t  d i f f r a c t i o n  p a t t e r n s ,  e x h ib i te d  a common d i f f r a c t i o n  
p a t t e r n .  I t  was th e r e f o r e  c l e a r  t h a t  th e  two h a b i t - p la n e  v a r i a n t s  
r e v e r te d  to  th e  same o r i e n t a t i o n  o f p a re n t  p h a se .
The r e v e r s io n  c h a r a c t e r i s t i c s  o f m a c ro sc o p ic a lly  degraded  m a te r ia l  was 
s i g n i f i c a n t l y  d i f f e r e n t  from  th a t  o f th e  u n c y c le d . F ig u re  79 (a) shows 
th e  m a r te n s i te  m orphology o f  a degraded  a l lo y  c o n ta in in g  fo u r  p a r a l l e j - s i d e d  
m a r te n s i te  p la t e s  s e p a ra te d  by in t e r v a r i a n t  b o u n d a r ie s . On h e a t in g  
t h i s  m a te r ia l  th e r e  was r e v e r s io n  o f m ost o f th e  m a r te n s i te s  to  p a r e n t  
phase w ith  a s im ple  d i f f r a c t i o n  p a t te r n  (F ig u re  7 9 (b ) ) ,  b u t th e r e  was a ls o  
th e  p re se n c e  o f a  s t a b l e  m a r te n s i te  a t  te m p e ra tu re s  w e ll above th e  
31 r e v e r s io n  te m p e ra tu re  (7 9 ( c ) ) .
The p a re n t  phase o f  c y c le d  m a te r ia l  a l s o  showed c o n s id e ra b ly  more l i g h t /  
d a rk  c o n t r a s t  in  com parison  w ith  th e  uncy c led  p a re n t  p h ase , in d i c a t iv e  
o f a more e x te n s iv e  in t e r n a l  s t r u c t u r e ,  m ost l i k e l y  due to  th e  b u ild -u p  
o f tra n s fo rm a tio n - in d u c e d  d i s lo c a t io n  d e b r i s .
6 .6  Combined M acroscopic C ycling  and I n - S i tu  O p tic a l  M icroscopy
The re v e r s io n  o f th e s e  a l lo y s  a g a in s t  a b ia s  s t r e s s  r e s u l t e d  in  a c o n s id e ra b ly
d i f f e r e n t  tr a n s fo rm a tio n  b e h a v io u r , b o th  in  term s o f  m acroscop ic  s h a p e - s t r a in
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F i g u r e  78 -  (a)  T h ree  V a r i a n t  Reg ion  w i t h  t h e  D i f f r a c t i o n  P a t t e r n s
from t h e  Two Large  V a r i a n t s  (b)  and ( c ) .
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F i g u r e  79 -  (a)  M a r t e n s i t e  P l a t e s  a t  a G r a in - b o u n d a r y  (Room T e m p e r a tu r e )
(b) D i f f r a c t i o n  P a t t e r n  o f  M a t r i x  a t  300 °C.
(c)  P l a t e  i n  S -phase  M a t r i x  a t  300 °C.
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re sp o n se , and in  th e  r e s u l t s  o f d i r e c t  o b s e rv a tio n  o f th e  m ic ro s tru e tu r e  . 
by o p t i c a l  m icroscopy . F ig u re  80 shows th e  r e s u l t  o f a dynamic b ia s e d  
t r a n s fo rm a tio n -c y c l in g  experim en t on a 6 wt% A1 a l lo y .  I t  i s  c l e a r  from  
ex p erim en ts  o f t h i s  ty p e  t h a t  th e  t r a n s fo rm a tio n  range  i s  c o n s id e ra b ly  
expanded by th e  a p p l ic a t io n  o f  b ia s  w ith  th e  a l lo y  s t i l l  n o t f u l l y  
r e v e r te d  a t  75 °C in  c o n t r a s t  to  th e  b eh av io u r d u rin g  u n b ia sed  c y c lin g  
(F ig u re  6 9 ) . : The r e v e r s io n  range  was ex tended  as  a r e s u l t  o f two 
phenomena ( i )  s t r e s s - s t a b i l i z a t i o n  o f  c e r t a in  v a r i a n t s  p re s e n t  w ith in  th e  
p redom inan t v a r i a n t  m orphology and ( i i )  l im i te d  s t r e s s - in d u c e d  m a r te n s i t i c  
t r a n s fo rm a tio n  from  p re v io u s ly  r e v e r te d  6 -p h a se .
U sing ex p erim en ts  o f t h i s  k in d , th e  s h a p e - s t r a in  c h a r a c t e r i s t i c s  o f an 
a c tu a to r  cou ld  be d i r e c t l y  compared w ith  th e  r e v e r s io n  b e h a v io u r o f th e  
m a r te n s i te s .
On h e a t in g  above th e  Ag e x te n s iv e  and ra p id  r e v e r s io n  o ccu rred  w ith o u t 
th e  developm ent o f any s h a p e - s t r a in  u n t i l  a t  T% th e  m ic r o s t r u c tu r e  c o n s is te d  
o f a number o f s t r a i g h t  p a r a l l e l - s i d e d  predom inan t v a r ia n ts  su rrounded  
by 6 -p h ase . As th e  te m p e ra tu re  was in c re a s e d  above Tg slow  r e v e r s io n  o f 
th e s e  v a r i a n t s  o c c u rre d  w ith  th e  developm ent o f a sh ap e-ch an g e , u n t i l  
a t  th e  top  o f th e  th e rm a l c y c le s  th e  m ic ro s t ru c tu r e  c o n s is te d  o f  a few 
p redom inan t v a r i a n t s  s t a b i l i z e d  by s t r e s s ,  and some s t r e s s - in d u c e d  
m a r te n s i te s  grow ing o u t from  g ra in  b o u n d a r ie s . T h is  i s  i l l u s t r a t e d  in  
F ig u re  80(b) and in  F ig u re  81 w hich shows a s t a b i l i z e d  " c ro s se d "  m orphology 
w hich developed  in  t h i s  ca se  due to  a p a r t i c u l a r  6 -phase  o r i e n t a t i o n  w hich 
g e n e ra te d  b o th  a s t a b i l i z e d  predom inant and a s t r e s s - in d u c e d  v a r i a n t .
On subsequen t c o o lin g  th e  s t r e s s - s t a b i l i z e d  and induced  v a r i a n t s  rem ained  
and as th e  te m p e ra tu re  d ec re ase d  predom inan t v a r i a n t  fo rm a tio n  began  w ith  
th e  developm ent o f th e  in v e rs e  sh ap e-ch an g e . F in a l ly  when th e  sh ape-change
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F i g u r e  81 -  S t r e s s - S t a b i l i s e d  and S t r e s s - I n d u c e d  V a r i a n t s  fo rm in g
" C r o s s i n g "  S t r u c t u r e s  i n  a 3 wt%Al RSME A l l o y .
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was com plete  f u r th e r  se lf-accom m odating  m a r te n s i te s  developed  w ith  t h e i r  
s iz e  and m orphology l im i te d  by th e  p re se n c e  o f  th e  SIM and p redom inan t 
v a r i a n t s .
U sing s im u ltan e o u s  m easurem ent o f d e f le c t io n / te m p e r a tu re  and th e  
o b s e rv a tio n  o f th e  m ic r o s t r u c tu r e  d u rin g  tr a n s fo rm a tio n ,  i t  was p o s s ib le  
to  s tu d y  th e  developm ent o f  th e  d e g ra d a tio n  f e a tu r e s  i d e n t i f i e d  in  
specim ens removed from  m a c ro sc o p ic a lly  c y c le d  m a te r ia l .  D uring i n - s i t u  
therm o-m echan ical c y c l in g  o f  a 6 wt% A1 a l lo y  a l l  th e se  f e a tu r e s  were 
developed  w ith in  th e  f i r s t  5 to  10 c y c le s .  The developm ent o f  th e s e  
f e a tu r e s  o c c u rre d  s im u lta n e o u s ly  w ith  changes in  th e  d e f le c t io n / te m p e r a tu re  
b eh av io u r (F ig u re  82) w hich showed in  th e  e a r ly  tr a n s fo rm a tio n  c y c le s  a 
le v e l  o f d e g ra d a tio n  p e r  c y c le  c o n s is te n t  w ith  t h a t  observed  on 
lo n g e r- te rm  m acroscop ic  c y c l in g .  A ll th r e e  d e g ra d a tio n  f e a tu r e s  developed  
as a r e s u l t  o f s t r e s s - in d u c e d  phenomena and o c c u rre d  on ly  in  8 -g ra in s  
o f an o r i e n t a t i o n  w hich a llow ed  s t r e s s - in d u c e d  tra n s fo rm a tio n .
The developm ent o f th e s e  3 d e g ra d a tio n  f e a tu r e s  was a s s o c ia te d  w ith  g r a in  
b o u n d a rie s  and tw o, f f e a th e r y 1 v a r ia n t s  and th e  new p la te -g ro u p s  r e s u l t e d  
from th e  i n i t i a l  fo rm a tio n  o f th e  g ra in -b o u n d a ry  d e g ra d a tio n  f e a t u r e s .
F ig u re  83 shows s c h e m a tic a lly  th e  sequence o f  developm ent o f th e s e  f e a t u r e s .  
The d e g ra d a tio n  o f  th e  a l l o y ’ s shape-memory s t r a i n  th u s  r e s u l t e d  from  th e  
d i s r u p t io n  o f th e  t r a in e d  m a r te n s i te  m orphology by th e  fo rm a tio n  o f 
a ty p ic a l  g ra in -b o u n d a ry  p la te -g ro u p s  as a r e s u l t  o f  lo c a l i s e d  s t r e s s - in d u c e d  
tra n s fo rm a tio n .
T his m acroscop ic d e g ra d a tio n  w as, how ever, s t a b l e  w ith  r e s p e c t  to  su b seq u en t 
u n b ia sed  t r a n s fo rm a tio n  c y c le s ,  i e  i t  d id  n o t need th e  co n tin u o u s  p re se n c e  
o f b ia s  s t r e s s  to  m a in ta in  th e  m o rp h o lo g ica l ch an g es. However, i f  a  degraded  
a l lo y  was cy c le d  w ith o u t a p p lie d  b ia s  com plete  r e v e r s io n  of a l l  th e  8 ’
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Fig.82  Early Degradation of the Shape-Strain 
Characteristics of a 6 wt%AI Actuator on 
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with Simultaneous Optical Microscopy
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d e g ra d a tio n  f e a tu r e s  o c c u rre d . The p re se n c e  o f a m o d ified  3 T m orphology 
canno t th e r e f o r e  be th e  so u rce  o f  th e  d e g ra d a tio n  phenomenon p e r  s e .
By c lo s e  ex am in a tio n  o f th e  g ra in -b o u n d a r ie s  o f degraded  m a te r ia l  d u r in g  
u n b ia se d  c y c l in g ,  th e  t r u e  so u rce  o f th e  d e g ra d a tio n  phenomenon was 
i d e n t i f i e d .  F ig u re  84 shows th e  p re sen ce  o f f i n e  m a r te n s i t i c  p la te s  in  
a g ra in -b o u n d a ry  t r i p l e - p o i n t ,  and i t  was th e  p re se n c e  o f  th e s e  m a r te n s i te s  
w hich a c te d  as th e  so u rce  o f  th e  g ra in -b o u n d a ry  d e g ra d a tio n  f e a tu r e s  w hich 
d is ru p te d  su b seq u en t p redom inan t v a r ia n t  g row th . These f in e  v a r i a n t s  
developed  as a  r e s u l t  o f s t r e s s - in d u c e d  tr a n s fo rm a tio n  a t  th e  g ra in -b o u n d a r ie s  
d u rin g  b ia s e d  tr a n s fo rm a tio n  c y c lin g  and w ere s t a b l e  d u rin g  u n b ia sed  
t r a n s fo rm a tio n s .  T hese m a r te n s i te s  w ere th e r e f o r e  th e  s ta b le  so u rces  of 
th e  d e g ra d a tio n  phenomena.
These f in e  m a r te n s i te s  e x h ib i te d  co m p le te ly  d i f f e r e n t  p r o p e r t i e s  in  th e  
o p t i c a l  m icroscope from  8 ' v a r i a n t s ,  w ith  no c o lo u r  c o n t r a s t .  From t h i s  
i t  can be concluded  t h a t  th e  s ta b l e  so u rces  o f d e g ra d a tio n  m ust be a 
new m a r te n s i t i c  phase l o c a l ly  s t r e s s - in d u c e d  a t  g ra in -b o u n d a r ie s .
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F i g u r e  84 -  P e r s i s t e n t  G r a in - b o u n d a r y  F e a t u r e s  i n  a  Degraded  3 wtZAl
RSME A l l o y .
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DISCUSSION
The d is c u s s io n  o f th e  work conducted  in  th e  p r e s e n t  s tu d y  w i l l  be d iv id e d  
in to  th r e e  d i s t i n c t  s e c t io n s  (C h ap te rs  7 , 8 and 9 ) .  The f i r s t  w i l l  be 
a  q u a l i t a t i v e  d is c u s s io n  o f th e  e x p e rim e n ta l r e s u l t s  as th e y  r e l a t e  to  
th e  s t a b i l i t y  o f  th e  RSME and th e  com parison o f  th e s e  r e s u l t s  w ith  th e  
p re s e n t  s t a t e  o f  know ledge o f th e s e  sy stem s. The second and t h i r d  s e c t io n s  
w i l l  in v o lv e  th e  m o d e llin g  o f th e  i n s t a b i l i t y  in  RSM s t r a i n  and th e  
a ttem p ted  c a l c u la t io n  o f th e  in p u t d a ta  re q u ire d  f o r  t h i s  m o d e llin g .
The o b s e rv a tio n s  in  C hap ter 6 have in tro d u c e d  a number o f  i n t e r e s t i n g  
phenomena, some o f w hich have n o t been p re v io u s ly  r e p o r te d ,  o r  a t  l e a s t  
have n o t been w id e ly  d is c u s s e d  in  th e  c u r r e n t  l i t e r a t u r e .  What i s  c l e a r  
from  th e se  r e s u l t s ,  how ever, i s  t h a t  th e re  i s  a s i g n i f i c a n t  i n s t a b i l i t y  
in  th e  RSME in  CuZnAl a l lo y s  when cy c led  u n d er c o n d i tio n s  s im i la r  to  th o s e  
en v isag ed  in  r e a l  d e v ic e s .
There i s  now a re a so n a b le  u n d e rs ta n d in g  o f  th e  so u rce  o f th e  RSM e f f e c t ,  
a t  l e a s t  a t  th e  m ic r o s t r u e tu r a l  l e v e l ,  in  term s o f th e  fo rm a tio n , fo llo w in g  
p ro c e s s in g , of a  non self-accom m odating  v a r i a n t  m orphology. T his r e s u l t s  
in  th e  g e n e ra tio n  o f  a m acroscop ic  shape-change d u rin g  m a r te n s i te  g row th , 
and th e  in v e rs e  shape-change  d u rin g  th e  r e v e r s io n  o f t h i s  m orphology (5 9 ) . 
F ig u re s  71 and 72 show t h a t  th e  ’com m ercial t r a i n i n g ’ p ro c e s s  c o n v e r ts  
an e s s e n t i a l l y  se lf-accom m odating  m a r te n s i te  m orphology fo llo w in g  
th e rm a lly - in d u c e d  tr a n s fo rm a tio n ,  to  a m orphology c o n ta in in g  a p redom inan t 
v a r i a n t .  T his change i s  a ls o  a s s o c ia te d  w ith  th e  developm ent o f th e  
r e v e r s ib l e  s h a p e - s t r a in .  M elton and M erc ie r (113) in  a t te m p tin g  to  
e x p la in  th e  d i f f e r e n c e  in  b eh av io u r betw een th e  r e s i s t i v i t y  and s t r a i n
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developm ent d u r in g  b ia se d  tra n s fo rm a tio n  c y c lin g  s p e c u la te  t h a t  one 
s o lu t io n  to  t h i s  problem  i s  t h a t  on ly  a  sm a ll volume f r a c t io n  o f th e s e  
a c t iv e  s h a p e - s t r a in  v a r i a n t s  i s  p ro duced , and t h i s  h y p o th e s is  i s  su p p o rted  
in  th e  p re s e n t  work w here i t  i s  c l e a r  t h a t  th e  a c t iv e  p redom inan t 
v a r ia n t  i s  o n ly  a sm a ll p ro p o r tio n  o f th e  m a r te n s i te  m ic r o s t r u c tu r e ,
~20 to  30 vol% (F ig u re  6 5 ). These a c t iv e  s h a p e - s t r a in  g e n e ra t in g  v a r i a n t s  
a re  th e  f i r s t  to  form  on th e  fo rw ard  t r a n s fo rm a tio n  and th e  l a s t  to  
r e v e r t  d u rin g  r e v e r s io n ,  and t h i s  r e s u l t s  in  th e  d i f f e r e n c e  betw een th e  
c r i t i c a l  te m p e ra tu re s  o f tr a n s fo rm a tio n  (Ms , M f,.A s and Af) and th e  
te m p e ra tu re  o f o n se t o f s t r a i n  developm ent ( i e  Tg i s  d is p la c e d  to  a 
te m p e ra tu re  h ig h e r  th a n  As ) . I t  i s  th e s e  a c t iv e  s t r a in - g e n e r a t in g  v a r i a n t s  
w hich a re  a f f e c te d  by th e  c o n d it io n s  p r e v a i l in g  d u rin g  th e rm o s ta t ic  
s e n s in g  c y c le s .
The c o n d itio n s  p re s e n t  d u rin g  th e rm o s ta t ic  se n s in g  c y c le s  w hich co u ld  g iv e  
r i s e  to  th e  o b serv ed  i n s t a b i l i t i e s  in  th e  RSM s t r a i n  can be s e p a ra te d  in to  
t h r e e :
( i )  A therm al ag e in g  o f th e  p a re n t  phase  a t  th e  to p  o f  th e  
th e rm al c y c le .
( i i )  A therm al ag e in g  o f  th e  m a r te n s i te  below  T£ .
( i i i )  T ra n s fo rm a tio n  c y c lin g  w h i ls t  s u b je c te d  to  b i a s - s t r e s s .
The e f f e c t  o f age ing  th e  p a re n t  phase  has been  shown to  r e s u l t  in  changes
in  th e  tra n s fo rm a tio n  c h a r a c t e r i s t i c s  f o r  two re a s o n s :
D if fu s io n a l  d ecom position  o f th e  m e ta s ta b le  $ -p h ase  w hich 
r e s u l t s  in  changes in  th e  t r a n s fo rm a tio n  te m p e ra tu re  and 
h y s te r e s i s  due to  a p r e c i p i t a t i o n  (8 6 , 87, 88, 89) .
Changes in  th e  d eg ree  o f DO  ^o rd e r  in  th e  3 p a re n t  p h ase  w hich
r e s u l t s  in  v a r i a t io n s  in  th e  Ms and p s e u d o e la s t ic  s t r e s s -
th re s h o ld s  (90 , 91, 9 2 ).
(a)
(b)
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In  th e  p r e s e n t  work th e r e  i s  no ev id en ce  o f d i f f u s io n a l  d eco m p o sitio n  of 
th e  3-p h a se  and none o f th e  changes in  tra n s fo rm a tio n  c h a r a c t e r i s t i c s  a re  
c o n s i s te n t  w ith  changes in  DO3 o rd e r  w ith in  th e  8-p h a s e . I t  can th e r e f o r e  
be concluded  th a t  th e  a th e rm a l ageing  o f 8-p h a se  d u rin g  th e rm al c y c lin g  does 
n o t p la y  a  s i g n i f i c a n t  r o le  in  any of th e  o b served  d e g ra d a tio n  phenomena. 
T h is i s  due to  ( i )  th e  l im ite d  maximum c y c l in g  te m p e ra tu re s  (85 °C maximum) 
and ( i i )  th e  in te rm e d ia te  100 °C age d u rin g  " t r a i n in g ” which g e n e ra te s  
a s ta b le  d eg ree  o f DOg o rd e r in g  in  th e  p a re n t  p h ase .
S ig n i f i c a n t  v a r i a t io n s  in  t r a n s fo rm a tio n  b e h a v io u r a re  o b se rv e d , how ever, 
in  th e  a s - r e c e iv e d  and t h i s  i s  c o n s is te n t  w ith  th e  ag e in g  o f  th e  
m a r te n s i t i c  p h ase . F ig u re  49 shows th e  v a r i a t i o n  in  RSM b e h a v io u r  which 
was observed  on n a t u r a l l y  age in g  an a c tu a to r  a t  room te m p e ra tu re  fo r  
3 months and F ig u re  50 shows a s im i la r  b e h a v io u r in tro d u c e d  by a r t i f i c i a l  
a g e in g . The f e a tu r e s  o f t h i s  i n s t a b i l i t y  in  RSM re sp o n se  a r e ,  an 
e le v a t io n  in  T^ w ith  r e s p e c t  to  unaged m a te r ia l  w hich can be r e s to r e d  
to  i t s  unaged v a lu e  by a s in g le  r e v e r s io n  to  8-p h a s e . D uring t h i s  p ro c e s s  
th e  maximum s t r a in - o u tp u t  rem ains c o n s ta n t .  The m ajor f a c to r s  c o n t r o l l in g  
t h i s  b eh av io u r a re  th e  te m p e ra tu re  and tim e th e  a l lo y  was h e ld  in  th e  
m a r te n s i t i c  c o n d i t io n  d u rin g  ag e in g .
The c o n d itio n s  w hich g iv e  r i s e  to  th e  m a r te n s i t i c  age in g  phenomenon and 
th e  mechanisms r e s p o n s ib le  f o r  t h i s  p ro c e ss  have on ly  r e c e n t ly  begun to  
be in v e s t ig a te d ,  b u t i t  i s  c l e a r  th a t  ag e in g  o f  th e  m a r te n s i te  can 
in f lu e n c e  b o th  th e  tra n s fo rm a tio n  te m p e ra tu re s  and th e  m ech an ica l p r o p e r t i e s  
a s s o c ia te d  w ith  th e  m a r te n s i t i c  tra n s fo rm a tio n  (87 , 9 0 ) . T h is a g e in g  
r e s u l t s  in  a s t a b i l i z a t i o n  o f th e  m a r te n s i t i c  phase  w ith  r e s p e c t  to  
r e v e r s io n  (94 , 95, 96, 97) -  th e  s t a b i l i z a t i o n  b e in g  dependen t on th e  
age ing  tim e , th e  b e t a t i s i n g  te m p e ra tu re , and in te rm e d ia te  a n n e a lin g  betw een
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b e t a t i s i n g  and m a r t e n s i t i c  ag e in g  (97) . The mechanism o f t h i s  phenomenon, 
a lth o u g h  s t i l l  under e x te n s iv e  in v e s t ig a t io n  and s u b je c t  to  much 
d is c u s s io n ,  ap p ea rs  to  be a com bination  o f  v a c a n c y -a s s is te d  o rd e r in g  o f 
th e  m a r te n s i te  (100) and i n t e r f a c i a l  r e l a x a t io n  due to  vacancy  dumping (9 5 ) .
S ince  i s  th e  te m p e ra tu re  o f  th e  o n se t o f p redom inan t v a r i a n t  r e v e r s io n ,  
e le v a t io n s  o f d u rin g  age in g  m ust r e f l e c t  a  s t a b i l i z a t i o n  o f th e  
m a r te n s i te  w ith  r e s p e c t  to  $ -p h ase , ie  th e  e x p e r im e n ta lly  o bserved  ag e in g  
m ust be e le v a t in g  th e  m a r te n s i te  r e v e r s io n  te m p e ra tu re s .  T h is i s  c o n s is te n t  
w ith  b o th  th e  above m a r t e n s i t i c  ag e in g  m echanism s. In  a d d i t io n  t h i s  
e le v a t io n  o f T^ i s  u n s ta b le  w ith  r e s p e c t  to  th e rm al e x c u rs io n s  which cause  
com plete  r e v e r s io n .  T h is  i s  a g a in  c o n s is te n t  w ith  th e  m a r te n s i t i c  ag e in g  
p ro c e ss  where r e v e r s io n  to  3 -phase  a llow s r a p id  r e o rd e r in g  w ith in  th e  3 -phase  
and rem oval o f  r e la x e d  m a r te n s i te  i n t e r f a c e s ,  th u s  rem oving th e  m a r t e n s i t i c  
ag e in g  e f f e c t s .
Thus th e  T^ i n s t a b i l i t i e s  observed  in  th e  p r e s e n t  work a re  e n t i r e l y  
c o n s is te n t  w ith  th e  m a r te n s i t i c  age in g  phenomenon.
The m agnitude o f  th e  phenomenon in  th e  p r e s e n t  work i s  t y p i c a l l y  4 °C, 
s i g n i f i c a n t l y  low er th a n  th a t  observed  in  th e  c u r r e n t  l i t e r a t u r e  w here 
v a lu e s  o f up to  100 °C s t a b i l i z a t i o n s  have been  o b serv ed  (9 7 ) . T hese , 
how ever, were o b served  in  a l lo y s  d i r e c t l y  quenched to  th e  m a r t e n s i t i c  
c o n d it io n  from  th e  h ig h  te m p era tu re  3 - f i e l d .  S ince  b o th  th e  o rd e r in g  and 
vacancy dumping mechanisms depend on th e  vacancy  c o n c e n tr a t io n ,  i t  i s  
c l e a r  t h a t  th e re  w i l l  be a d i f f e r e n c e  in  th e  m agnitude o f th e  m a r t e n s i t i c  
ag e in g  betw een th e  p r e s e n t  a l lo y s  which have been  s u b je c te d  to  an 
in te rm e d ia te  100 °C an n e a l p r io r  to  quenching  to  m a r te n s i te ,  and th o se  
d i r e c t l y  quenched to  m a r te n s i te  from h ig h  te m p e ra tu re  3. I f  quenched 
d i r e c t l y  from h ig h  te m p e ra tu re  3 th e  r e s u l t i n g  m a r te n s i te  w i l l  c o n ta in  a
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h ig h  ex cess  vacancy c o n c e n tra t io n  g iv in g  r i s e  to  a la rg e  amount o f 
m a r te n s i te  a g e in g . In  th e  RSME p ro c e sse d  m a te r i a l ,  how ever, s in c e  th e  
ex cess  v a c a n c ie s  have been  a llow ed  to  an n ea l o u t d u rin g  th e  100 °C ag e , th e  
r e s u l t i n g  m a r t e n s i t i c  ag e in g  i s  s m a lle r .
Thus th e  i n s t a b i l i t i e s  w hich appear in  th e  a s - r e c e iv e d  b e h a v io u r o f th e se  
RSME m a te r ia ls  i s  due to  a _ m a r te n s i t ic  ag e in g  phenomenon. T h is  i n s t a b i l i t y ,  
how ever, i s  sm all in  m agnitude and p ro v id in g  th e  m a te r ia l  i s  a llo w ed  to  
r e v e r t  to  8 d u r in g  th e rm a l c y c l in g ,  th e  m a te r ia l  w i l l  e x h ib i t  unaged 
tr a n s fo rm a tio n  c h a r a c t e r i s t i c s ,  and t h i s  i s  th e r e f o r e  a t r a n s i e n t  
phenomenon d u rin g  th e rm a l c y c l in g .
The rem ain ing  cause  o f th e  i n s t a b i l i t i e s  i s  th e  RSM m ust th e r e f o r e  be due 
to  tra n s fo rm a tio n  c y c l in g  a g a in s t  a b ia s  s t r e s s .  The e f f e c t  o f 
t r a n s fo rm a tio n  c y c l in g  on th e  shape-memory re sp o n se  o f th e s e  a l lo y s  has 
n o t been e x te n s iv e ly  s tu d ie d .  There i s  on ly  l im i te d  d a ta  a v a i l a b l e  on 
th e  e f f e c t  o f a p p l ie d  b ia s  on th e  r e v e r s io n  c h a r a c t e r i s t i c s  o f th e s e  
m a te r ia ls  (44 , 109, 110) and v e ry  l im i te d  d a ta  on th e  e f f e c t  o f th e rm a l 
c y c lin g  on th e  RSM s t r a i n  in  CuZnAl (81 , 110). The p re s e n t  work has shown 
t h a t  d u rin g  u n b ia sed  tr a n s fo rm a tio n  c y c l in g ,  i e  where th e  RSM a c tu a to r  i s  
cy c led  from  th e  f u l l y  m a r te n s i t i c  to  th e  f u l l y  r e v e r te d  8 -p h a se , a s t a b l e  
and r e p ro d u c ib le  RSM b eh av io u r i s  o b ta in e d  (F ig u re  5 1 ) . However, on 
c y c lin g  under c o n d it io n s  o f  a p p l ie d  b ia s  s t r e s s ,  s i g n i f i c a n t  changes in  
th e  tra n s fo rm a tio n  te m p e ra tu re s  and s t r a i n  o u tp u t o f th e  a c tu a to r  o c c u r .
To d e te rm in e  th e  p ro c e ss  ta k in g  p la c e  d u rin g  th e  d e g ra d a tio n  in  RSM i t  
i s  u s e fu l  to  a n a ly se  th e  n a tu re  o f th e  c o n d i t io n s  p r e v a i l in g  d u r in g  b ia s e d  
tra n s fo rm a tio n  c y c le s .
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M elton and M erc ie r (109) have conducted  s h o r t- te rm  c y c lin g  ex p erim en ts  
on R SM -trained NiTiCu a l lo y s  cy c led  a g a in s t  opposing  b ia s  s t r e s s e s  and 
observ ed  a s ta b l e  As te m p e ra tu re , b u t an e le v a te d  Af and an in h i b i t i o n  
o f s h a p e - s t r a in  u n t i l  i n t e r n a l  s t r e s s  due to  r e v e r s io n  overcam e th e  
opposing  b ia s .  From t h i s  i t  can  be concluded  th a t  th e  a p p l ic a t io n  o f a 
s t r e s s  opposing  th e  RSM s t r a i n  d u rin g  r e v e r s io n  a c t s  in  such a way th a t  
i t  s t a b i l i z e s  th e  r e v e r s io n  o f th e  s h a p e - s t r a in  g e n e ra tin g  p redom inan t 
v a r i a n t s ,  b o th  e x te n d in g  th e  tr a n s fo rm a tio n  ran g e  ( e le v a t in g  Af) and th e  
te m p e ra tu re  ran g e  o v er w hich th e  p redom inan t v a r i a n t  develops th e  
r e v e r s ib l e  s h a p e - s t r a in  ( i e  changing  th e  s h a p e - s tr a in / te m p e ra tu re  
c h a r a c t e r i s t i c s ) . T h is  s t a b i l i z a t i o n  a r i s e s  from  th e  i n t e r a c t io n  betw een 
th e  a p p lie d  s t r e s s  and th e  s h a p e - s t r a in s  o f fa v o u ra b ly  o r ie n te d  m a r te n s i te  
v a r i a n t s  (AG^"^) w hich r a i s e s  th e  r e v e r s io n  te m p e ra tu re  o f th e s e  v a r i a n t s ,  
as shown by Cook (44) (F ig u re  14). T h is mechanism fo r  th e  e f f e c t  o f  b i a s -  
s t r e s s  on th e  r e v e r s io n  c h a r a c t e r i s t i c s  i s  c o n s is te n t  w ith  th e  p r e s e n t  
r e s u l t s .
F ig u re  52 shows th e  e f f e c t  o f b i a s - r a t e  on th e  r e v e r s io n  c h a r a c t e r i s t i c s  
o f an a c tu a to r ,  and i t  can be c l e a r ly  seen  th a t  under th e s e  c o n d i t io n s ,  
u n lik e  u n b ia sed  c y c le s ,  th e re  i s  in co m p le te  developm ent o f th e  maximum 
s h a p e - s t r a in  o u tp u t a t  th e  top  o f th e  th e rm al c y c le .  The so u rce  o f t h i s  
e f f e c t  can be seen  from  th e  r e s i s t i v i t y  d a ta  in  F ig u re s  66 and 67, where 
i t  i s  c l e a r  t h a t  th e  a p p l ie d  s t r e s s  i s  in t e r a c t in g  w ith  th e  20 to  30 vol% 
a c t iv e  s h a p e - s t r a in  g e n e ra tin g  m a r te n s i te s ,  such th a t  th e y  a re  s t a b i l i z e d  
w ith  r e s p e c t  to  r e v e r s io n ,  th u s  d ev e lo p in g  a s m a lle r  s t r a i n  o u tp u t a t  
any te m p e ra tu re . The so u rce  o f t h i s  e f f e c t  can be e s ta b l i s h e d  by 
c o n s id e r in g  th e  s tre s s -d e p e n d e n c e  o f th e  A f.
Assuming th e  c o i l s  o f  th e  a c tu a to r  rem ain  a p p ro x im a te ly  p a r a l l e l ,  th e  b ia s  
lo ad  r e s u l t s  in  a coup le  w hich tw is ts  th e  c o i l  and a s h e a r in g  f o r c e .  In
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t h i s  c o n f ig u ra t io n  th e  maximum sh ea r s t r e s s  g iven  by (112)
16FR 
TMAX ird3
Where:
4m-1 + 0.615
4m-4 m
2R
F i s  th e  a p p l ie d  f o r c e .
R i s  th e  r a d iu s  o f th e  s p r in g ,  
d i s  th e  c o i l  d ia m e te r .
U sing t h i s  e q u a t io n , th e  maximum s t r e s s  a t  th e  end o f r e v e r s io n  in  each  
ca se  in  F ig u re  66 can be c a lc u la te d .  P lo t t in g  th e s e  maximum s h e a r  s t r e s s e s  
a g a in s t  th e  b ia s e d  Af te m p e ra tu re s , A | th e n  r e s u l t s  in  th e  b eh av io u r 
shown in  F ig u re  85. T here i s  a l i n e a r  r e l a t io n s h ip  betw een a p p l ie d  s t r e s s  
and A | w hich e x t r a p o la te s  to  th e  u n b ia sed  Af  a t  z e ro  s t r e s s ,  a  b e h a v io u r 
ty p ic a l  o f a s t r e s s - in d u c e d  m a r te n s i t i c  tr a n s fo rm a tio n  from  th e  bcc  p a re n t  
phase to  a m a r te n s i t i c  p h a se .
I t  i s  g e n e ra l ly  assumed th a t  th e  en tro p y  change AS accom panying a m a r t e n s i t i c
tra n s fo rm a tio n  can be m easured from  th e  s t r e s s  dependence o f  th e  tr a n s fo rm a tio n
te m p e ra tu re , and in v e s t ig a t io n s  w ith  AuCd and In T l (113) have shown t h a t  th e
c r i t i c a l  sh e a r  s t r e s s  to  induce m a r te n s i te  i s  l i n e a r l y  d ependen t on
MS(^m)> th e  te m p e ra tu re  a t  a g iven  s t r e s s .  A h le rs  and Arnedo (64) have
shown th a t  in  s in g le  c r y s t a l s  o f CuZnAl w ith in  e x p e rim e n ta l e r r o r  th e  change
in  w ith  te m p e ra tu re , ■ — i s  in d ep en d en t o f c r y s t a l  o r i e n t a t i o n  and
s
c o n c e n tra t io n ,  and th e  en tro p y  change can th e r e f o r e  be c a lc u la te d  from  
u s in g  th e  C la u s iu s-C la p e y ro n  e q u a tio n :dxP^ 1dMs
AS = y dtP-*”dMs
where y i s  th e  amount o f m a r te n s i t i c  sh e a r  and o f  th e  o rd e r  o f y = 0 .0 1 7 .
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S ince A | i s  a c r i t i c a l  t r a n s fo rm a tio n  te m p e ra tu re , th e  s lo p e  o f F ig u re  85 
sho u ld  produce th e  e n tro p y  o f  tr a n s fo rm a tio n  r e s p o n s ib le  fo r  t h i s  
s t a b i l i z a t i o n  o f r e v e r s io n .  The en tro p y  change c a lc u la te d  f o r  t h i s  
s t a b i l i z a t i o n  i s :
aoEXPT . /Q _ - 1 - 1AS = 1.48 Jmol K
p   ^p i
T his compares w e ll w ith  AS in  a v a r i e ty  o f CuZnAl and CuZnMn a l lo y s  
(T ab le 8) and i t  i s  c l e a r  t h a t  t h i s  s t r e s s - s t a b i l i z a t i o n  phenomenon i s  
a s s o c ia te d  w ith  th e  s t a b i l i z a t i o n  o f th e  8v8T tra n s fo rm a tio n .
Thus th e  m a c ro sc o p ic a lly  d e te rm in ed  re sp o n se  d u rin g  b ia s e d  r e v e r s io n  
i s  c o n s is te n t  w ith  th e  b eh av io u r observ ed  by M elton and M erc ie r (109) 
and i s  due to  th e  s t r e s s - s t a b i l i z a t i o n  Of 8 T v a r i a n t s .  T h is mechanism 
i s  a ls o  c o n s is te n t  w ith  th e  m ic r o s t r u c tu r a l  o b s e rv a tio n s  shown in  F ig u re s  
80 and 81 w hich show t h a t  t h i s  s t a b i l i z a t i o n  o f s h a p e - s t r a in  i s  a s s o c ia te d  
w ith  th e  s t r e s s  s t a b i l i z a t i o n  o f a c t iv e  8 ' p redom inan t v a r i a n t s .  I t  i s  a ls o  
c l e a r  from  th e se  m icrog raphs th a t  in  a d d i t io n  to  t h i s  s t a b i l i z a t i o n  th e r e  
i s  a ls o  th e  fo rm a tio n  o f new s t r e s s - i n d u c e d ^ 1 v a r i a n t s  (w hich i s  n o t 
m entioned  by M elton and M e rc ie r ) . T h is  r e s u l t s  in  th e  p re se n c e  o f  a d d i t io n a l  
m a r te n s i te s  a t  e le v a te d  te m p e ra tu re s , compared w ith  th e  u n b ia se d  Af and 
a f u r th e r  r e d u c t io n  in  th e  s t r a i n  o u tp u t .  S ince  d e g ra d a tio n  in  th e  RSM 
b e h a v io u r o ccu rs  o n ly  on b ia s e d  tra n s fo rm a tio n  c y c l in g ,  th e  p re se n c e  o f 
th e se  s t r e s s - s t a b i l i z e d  and s t r e s s - in d u c e d  8 T v a r i a n t s  must be a s s o c ia te d  
w ith  th e  d e g ra d a tio n  phenomena.
The lo n g -te rm  s t a b i l i t y  o f th e  RSME has o n ly  been b r i e f l y  s tu d ie d  by 
M ichael and H art (81) and Takezawa e t  a l  (1 1 0 ) . In  th e  f i r s t  o f th e s e  
s tu d ie s  i t  i s  c l e a r  t h a t  th e  a c tu a to r s  w ere c y c le d  u n b ia sed  (o r  u n d e r v e ry  
low b ia s )  so t h a t  a f t e r  th e  i n i t i a l  "shakedown" (o r  s t a b i l i z a t i o n  o f  th e  
RSME fo llo w in g  p ro c e s s in g )  no f u r th e r  changes w ere o bserved  up to  te n s  o f
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TABLE 8 -  TYPICAL VALUES OF AS OF TRANSFORMATION CALCULATED
A llo y
CuZnAl 
C u-21. 
Cu-16. 
Cu-26.i 
C u-36.! 
C u-30J
FROM STRESS/STRAIN DATA
( a t  %)
[MPa(°C)“ 1]
AS3 -* '
[Jm ol ^]
Ref
(4 wt% Al)
6 Z n -11.9 Al
1 Z n-16.0  Al 
6 Zn-8...1 Al
2 Z n-3 .5  Mn
3 Z n-9 .2  Mn
2.19
2 .17
2.10
2 .00
1.48 
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thousands o f th e rm a l c y c le s .  T his i s  c o n s i s te n t  w ith  th e  r e s u l t s  o b ta in e d  
in  th e  p re s e n t  work w here b o th  th e  m a r t e n s i t i c  m ic ro s t ru c tu r e  and th e  
r e s u l t i n g  RSM b eh av io u r w ere s ta b l e  d u r in g  u n b ia sed  tra n s fo rm a tio n  c y c l in g .
The more s i g n i f i c a n t  o f th e  two p ie c e s  o f w ork, how ever, i s  t h a t  c a r r i e d  
o u t by Takezawa e t  a l  (110) where th e  R SM -trained CuZnAl was c y c le d  w h i l s t  
s u b je c te d  to  a p p l ie d  b ia s  s t r e s s .  The r e s u l t i n g  s t r a i n - o u t p u t  b eh av io u r 
d u r in g  c y c lin g  i s  shown in  F ig u re  40 , w hich i s  s im i la r  to  th e  b eh a v io u r 
observ ed  in  th e  p r e s e n t  work (F ig u re  5 8 ) . T h e ir  cy c led  m a te r ia l  d em o n stra ted  
a d e g ra d a tio n  in  th e  s t r a i n - o u t p u t  d u r in g  c y c l in g ,  th e  d e g ra d a tio n  b e in g  
e a s i l y  removed by h e a t in g  to  100 °C (F ig u re  41) -  a phenomenon w hich i s  a ls o  
s im i la r  to  t h a t  o b served  in  th e  p r e s e n t  work (F ig u re  6 2 ) . U n fo r tu n a te ly  
t h e i r  e x p la n a tio n  o f  th e s e  phenomena i s  e x tre m e ly  l im ite d  w ith  a vague 
d e s c r ip t io n  o f " r e t r a i n i n g ” o f  th e  m a te r ia l  by ag e in g  a t  ’h ig h 1 te m p e ra tu re  
w hich g e n e ra te s  Bf / a f com posite  s t r u c t u r e s .  U sing th i s  sm a ll amount o f 
p r io r  knowledge co n ce rn in g  th e  e f f e c t s  o f b ia s e d  tr a n s fo rm a tio n  c y c l in g  and 
th e  p re s e n t  r e s u l t s ,  a d e t a i l e d  a n a ly s i s  o f th e  cau ses  o f th e  d e g ra d a tio n  
in  th e  RSM b eh av io u r w i l l  now be c a r r i e d  o u t .
D uring b ia s e d  t r a n s fo rm a tio n  c y c le s  th e re  i s  ( i )  in co m p le te  r e v e r s io n  o f 
th e  p redom inan t m a r te n s i te s  and ( i i )  s t r e s s - in d u c e d  m a r t e n s i t i c  t r a n s fo rm a t io n .  
T h is means t h a t  a t  th e  to p  o f  th e  t r a n s fo rm a tio n  c y c le  b o th  m a r te n s i te  and 
3 -phase  c o e x is t  w h i ls t  s u b je c te d  to  r e l a t i v e l y  h ig h  te m p e ra tu re s .  I t  i s  
th e r e f o r e  p o s s ib le  t h a t  ag e in g  may p la y  a r o l e  in  th e  d e g ra d a tio n  phenomenon. 
B-phase ag e in g  has a lre a d y  been  ru le d  o u t as  a so u rce  o f d e g ra d a tio n  s in c e  
th e  e x p e rim e n ta l r e s u l t s ,  in c lu d in g  th o se  f o r  u n b ised  t r a n s fo rm a tio n s  c y c le s ,  
show no change in  t r a n s fo rm a tio n  c h a r a c t e r i s t i c s  c o n s i s te n t  w ith  th e  B -phase 
ag e in g  phenomenon. M a r te n s ite  ag e in g  d o es , how ever, p la y  a r o le  in  th e  
d e g ra d a tio n  o f th e  s h a p e - s t r a in  d u rin g  b ia se d  c y c l in g .  The p ro c e s s  o f  
m a r te n s i t i c  age in g  has been d is c u s s e d  above in  th e  c o n te x t o f  i n s t a b i l i t i e s  
in  th e  a s - r e c e iv e d  T^ , te m p e ra tu re . In  a d d i t io n ,  how ever, d u rin g  b ia s e d
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t r a n s fo rm a tio n  c y c le s ,  b ecau se  o f th e  s t r e s s - s t a b i l i z a t i o n  and s t r e s s -  
induced  fo rm a tio n  o f m a r te n s i te s ,  a sm all volume f r a c t io n  o f m a r te n s i te  
e x i s t s  a t  th e  top  o f th e  th e rm al c y c le  and i s  s u b je c te d  to  ag e in g  a t  
e le v a te d  te m p e ra tu re s .  T h is  r e s u l t s  in  th e  b eh av io u r shown in  F ig u re s  
53 and 54 w ith  th e  developm ent o f s t a b i l i z a t i o n  p la te a u x  a s s o c ia te d  w ith  
th e  s t a b i l i z e d  r e v e r s io n  o f aged m a r te n s i te s .  T h is  p roduces a sm all 
component o f th e  d e g ra d a tio n  in  s h a p e - s t r a in  in  th e  re g io n  o f th e s e  
s t a b i l i z a t i o n  p la te a u x .  T h is e f f e c t ,  how ever, i s  a t r a n s i e n t  phenomenon 
w hich can be removed by a  s in g le  r e v e r s io n  o f th e  aged m a r te n s i te  to  
3 -p h ase . I t  i s  c l e a r  from  F ig u re  54 t h a t  t h i s  ag e in g  component o f th e  
d e g ra d a tio n  i s  s m a ll ,  s in c e  th e  se v e re  r e d u c t io n  in  s t r a i n - o u t p u t  s t i l l  
rem ains fo llo w in g  th e  rem oval o f th e  m a r t e n s i t i c  age in g  e f f e c t s .  Thus 
a lth o u g h  m a r te n s i t i c  a g e in g  d u rin g  b ia s e d  r e v e r s io n  p ro v id e s  a sm a ll and 
t r a n s i e n t  d e g ra d a tio n  com ponent, th e re  m ust be o th e r  p ro c e s se s  g e n e ra tin g  
th e  s ig n i f i c a n t  changes in  th e  RSM b e h a v io u r .
Having removed th e  t r a n s i e n t  d e g ra d a tio n  com ponents w hich r e s u l t  from  th e  
age in g  o f s t r e s s - s t a b i l i z e d  and s t r e s s - in d u c e d  3* v a r i a n t s ,  th e  rem a in in g  
' s t a b l e 1 d e g ra d a tio n  phenomena w hich r e q u i r e  e x p la n a tio n  a r e :
( i )  S evere  d e g ra d a tio n  in  th e  s t r a i n - o u t p u t  on in c re a s in g  numbers 
o f th e rm a l c y c le s .
( i i )  A sm all e le v a t io n  o f  T^ d u rin g  th e  e a r ly  th e rm al c y c le s .
The most s i g n i f i c a n t  d e g ra d a tio n  phenomenon i s  th e  co n tin u o u s  and s e v e re  
r e d u c t io n  in  th e  s t r a in - o u tp u t  d u rin g  b ia s e d  t r a n s fo rm a tio n  c y c l in g  and 
t h i s  w i l l  now be a n a ly se d .
In  th e  work o f Takezawa e t  a l  (110) i t  i s  c l e a r  t h a t  th e  m agnitude o f  th e  
opposing  b i a s - s t r e s s  p la y s  a s ig n i f i c a n t  r o le  in  th e  d e g ra d a tio n  b e h a v io u r  -  
w ith  in c re a s in g  le v e ls  o f d e g ra d a tio n  r e s u l t i n g  from  c y c lin g  a g a in s t
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h ig h e r  a p p lie d  b i a s ’ . T h is i s  su p p o rted  by th e  r e s u l t s  from  th e  p re s e n t  
work where in c re a s e s  in  th e  b i a s - s t r e s s  spec trum  d u rin g  c y c l in g  induce  
more r a p id  and l a r g e r  le v e ls  o f  d e g ra d a tio n  (F ig u re  5 9 ) . In  th e  work o f 
Takezawa e t  a l ,  th e  e f f e c t  o f th e  th e rm al c o n d it io n s  were n o t  in v e s t ig a te d ,  
t h e i r  RSM a c tu a to r s  b e in g  cy c led  a c ro ss  a c o n s ta n t  te m p e ra tu re  i n t e r v a l .
In  th e  p re s e n t  work th e  te m p e ra tu re  i n t e r v a l  d u rin g  c y c l in g  was a l t e r e d  
and i t  i s  c l e a r  t h a t  th e  le v e l  o f d e g ra d a tio n  i s  a l s o  r e l a t e d  to  th e  
maximum te m p e ra tu re  a t t a in e d  d u rin g  a th e rm al c y c le ,  w ith  th e  l e v e l  of 
d e g ra d a tio n  d e c re a s in g  as  t h i s  te m p e ra tu re  i s  in c re a s e d  (F ig u re  6 0 ).
The d e g ra d a tio n  phenomenon i s  th e r e f o r e  s t r e s s  and te m p e ra tu re  d ep en d en t.
I t  i s  c l e a r  from  th e  d e g ra d a tio n  d a ta  t h a t  a f t e r  a number o f th e rm a l c y c le s  
s im i la r  d e g ra d a tio n  r a t e s  develop  in  ex p erim en ts  conducted  w ith  d i f f e r e n t  
le v e ls  o f a p p lie d  s t r e s s  and maximum c y c lin g  te m p e ra tu re s  (F ig u re  60) 
and t h a t  t h i s  d a ta  can th e r e f o r e  be p lo t t e d  to g e th e r ,  w here i t  f a l l s  on to  
th e  same cu rve  (F ig u re  8 6 ) . S ince  th e  r a t e  o f d e g ra d a tio n  i s  low o v er 
t h i s  c y c lin g  ran g e  i t  i s  p o s s ib le  to  c a l c u la te  an average  s t r e s s  o v e r t h i s  
r e g io n  o f c o n s ta n t d e g ra d a tio n  r a t e  and th e  d a ta  p a i r s  ( s t r e s s  and 
te m p e ra tu re )  from  a s e r i e s  o f ex p erim en ts  a r e  shown in  T ab le  9 and p lo t t e d  
in  s t r e s s / te m p e r a tu r e  space  in  F ig u re  87. The l i n e a r  r e l a t io n s h ip  w hich 
e x t r a p o la te s  to  th e  t r a n s fo rm a tio n  range  a t  ze ro  a p p lie d  s t r e s s  i s  a g a in  
c h a r a c t e r i s t i c  o f  th e  8-*$’ s t r e s s - in d u c e d  m a r t e n s i t i c  tr a n s fo rm a tio n  and 
in d ic a te s  t h a t  a g iv en  r a t e  o f  d e g ra d a tio n  d ev e lo p s as a r e s u l t  o f a  c e r t a i n  
d eg ree  o f  s t r e s s - in d u c e d  t r a n s f o r m a t io n / s t a b i l i z a t i o n .  T h is  i s  su p p o rte d  
f u r th e r  by d a ta  e x t r a c te d  from  F ig u re  59, p lo t t e d  to g e th e r  in  F ig u re  88 
w hich compares th e  e f f e c t  o f  c y c lin g  under d i f f e r e n t  c o n d it io n s  o f  s t r e s s  
to  a c o n s ta n t maximum te m p e ra tu re , on th e  d e g ra d a tio n  r a t e .  I t  i s  c l e a r  
t h a t  th e  r a t e  o f d e g ra d a tio n  in c re a s e s  w ith  th e  a p p l ie d  b ia s  s t r e s s  a s  a 
r e s u l t  o f in c re a s in g ly  h ig h e r  amounts o f s t r e s s - s t a b i l i z a t i o n / s t r e s s - i n d u c e d  
tra n s fo rm a tio n  a t  th e  maximum c y c lin g  te m p e ra tu re .
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A s tr e s s - in d u c e d  phenomenon as  th e  so u rce  o f t h i s  d e g ra d a tio n  i s  f u r th e r  
su p p o rted  by b o th  th e  combined r e s i s t i v i t y / d i l a t o m e t r i c  m easurem ents 
(F ig u re s  64 and 65) and o p t i c a l  m icroscopy (F ig u re s  80 and 81) which show 
t h a t  th e  c y c lin g  c o n d it io n s  under w hich se v e re  d e g ra d a tio n  o c c u rs  a re  
dom inated by s t r e s s - s t a b i l i z a t i o n  and s t r e s s - in d u c e d  tra n s fo rm a tio n .
From th e  above a n a ly s i s  i t  i s  c l e a r  t h a t  to  d eg rade  th e  r e v e r s ib l e  sh ap e -
CYCLEs t r a i n ,  a p ro c e ss  m ust o ccu r a t  w hich m o d if ie s  th e  subseq u en t
m a r te n s i t i c  tr a n s fo rm a tio n  such th a t  changes a re  in tro d u c e d  in to  th e  
" t r a in e d "  m a r te n s i te  m orphology and t h a t  t h i s  p ro c e s s  m ust depend on a 
s t r e s s - in d u c e d  t r a n s fo rm a tio n .  Two p o s s ib le  mechanisms a r i s e  f o r  t h i s :
CYCLE( i )  due to  th e  s t r e s s - in d u c e d  phenomena a t  th e re  i s  a g ra d u a l
s t a b i l i z a t i o n  o f u n re v e r te d  3 ’ v a r i a n t s  d u rin g  c y c l in g  w hich 
red u ce s  th e  a c t iv e  volume f r a c t io n  of s h a p e - s t r a in  g e n e ra tin g  
m a r te n s i te s ,
o r ( i i )  th e  s t r e s s - in d u c e d  phenomena induce m o rp h o lo g ica l changes
w ith in  th e  m a r te n s i te s  w hich grow r e v e r s ib ly  and re p ro d u c ib ly  
on su b seq u en t th e rm al c y c le s .  These new p la te s  co u ld  be e i t h e r  
more se lf-accom m oda ting  o r o f  a v a r i a n t  type  w ith  a  s h a p e - s t r a in  
u n c h a r a c te r i s t i c  o f th e  " t r a in e d "  m a r te n s i te s  (re d u c in g  th e  
a x i a l l y  re s o lv e d  s h a p e - s t r a in ) .
The f i r s t  p ro c e ss  co u ld  a r i s e  from  e i t h e r  e le v a te d  te m p e ra tu re  ag e in g  o f  
th e  m a r te n s i te s  o r  by some o th e r  s t a b i l i z a t i o n  m echanism. S t a b i l i z a t i o n  by 
ag e in g  o f th e  m a r te n s i te  ta k e s  p la c e  in  t h i s  system  b u t t h i s  phenomenon 
has a lre a d y  been  shown to  be d i s t i n c t  from  th e  main d e g ra d a tio n  phenomenon. 
F u r th e r  s t a b i l i z a t i o n  mechanisms a r e ,  how ever, p o s s ib le .  P e rk in s  (101) has 
shown th a t  d u rin g  th e rm al c y c lin g  s t a b i l i z a t i o n  o f v a r i a n t s  o ccu rs  w hich i s  
b e l ie v e d  to  r e s u l t  from  th e  s t r a i n  f i e l d s  a s s o c ia te d  w ith  d i s lo c a t i o n  a r ra y s
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g e n e ra te d  by tra n s fo rm a tio n  c y c l in g .  These a r ra y s  s t a b i l i z e  th e  m a r te n s i te  
i t s e l f  o r b lo c k  i t s  r e v e r s io n  and t h i s  phenomenon has a ls o  been  o b served  
in  Cu-Zn by Hummel and K roger (1 0 5 ). O ther tr a n s fo rm a tio n  c y c lin g  
experim en ts  in v o lv in g  p s e u d o e la s t ic  c y c lin g  have a ls o  re v e a le d  th e  
s t a b i l i z a t i o n  o f m a r te n s i te s  on th e  rem oval o f s t r e s s  d u rin g  b o th  s t r e s s -  
induced  tra n s fo rm a tio n  from 8 (106) and in  p s e u d o e la s t ic  c y c l in g  by 
r e o r i e n t a t i o n  (1 0 7 ).
The r e s u l t s  from  th e  p r e s e n t  w ork, how ever, do n o t su p p o rt t h i s  h y p o th e s is  
f o r  th e  fo llo w in g  re a s o n . In  m a c ro sc o p ic a lly  degraded  a l lo y s  th e  b ia s e d -  
c y c lin g  induced  d e g ra d a tio n  p e r s i s t s  even d u rin g  su b seq u en t u n b ia sed  
tr a n s fo rm a tio n  c y c le s .  In  th e  p re s e n t  a l lo y s  th e  s t r e s s - in d u c e d  and 
s t a b i l i z e d  BT v a r i a n t s  formed d u rin g  b ia s e d  c y c l in g  on ly  rem ain  s ta b l e  
as a r e s u l t  o f a p p l ie d  s t r e s s .  I f  th e  s t r e s s  i s  removed th e  8* v a r i a n t s  
f u l l y  r e v e r t  to  8- phase  on th e rm al c y c l in g .  Thus th e  s t a b i l i z a t i o n  o f 
" t r a in e d "  B1 v a r ia n ts  r e q u ire d  f o r  t h i s  mechanism i s  n o t o b served  
e x p e r im e n ta lly .
E x p erim en ta l ev id en ce  from  th e  p r e s e n t  work d o e s , how ever, show th a t  
b ia se d  tra n s fo rm a tio n  c y c l in g  induces changes in  th e  m a r te n s i te  m orphology 
and th a t  th e s e  m o d ified  m orpho log ies con tinue- to  grow re p ro d u c ib ly  on 
su b seq u en t u n b ia sed  tra n s fo rm a tio n s .  Thus th e  second mechanism ap p ea rs  
to  be th e  one r e s p o n s ib le  fo r  th e  observ ed  m acroscop ic  s h a p e - s t r a in  
d e g ra d a tio n . The d e g ra d a tio n  th e re f o r e  r e s u l t s  from  th e  d is r u p t io n  o f 
th e  t r a in e d  m a r te n s i te  morphology by new m a r te n s i te  s t r u c tu r e s  (F ig u re s  
73, 74 and 75) w hich r e s u l t  from  a s t r e s s - in d u c e d  tra n s fo rm a tio n  a t  
g ra in -b o u n d a r ie s  (F ig u re  8 3 ) . As th e  amount o f  s t r e s s - in d u c e d  t r a n s fo rm a tio n  
in c r e a s e s ,  th e  amount o f  d is r u p t io n  o f  th e  t r a in e d  v a r i a n t s  in c re a s e s  
w hich i s  c o n s is te n t  w ith  th e  observed  in c re a s e  in  m acroscop ic  d e g ra d a tio n  
w ith  a p p lie d  s t r e s s .
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An im p o rta n t p o in t  to  c o n s id e r  h e re  i s  th e  so u rce  o f th e s e  m o rp h o lo g ica l 
d i s r u p t io n s .  The 3 ' d e g ra d a tio n  f e a tu r e s  grow re p ro d u c ib ly  even d u rin g  
u n b ia sed  tra n s fo rm a tio n  c y c l in g ,  m a in ta in in g  th e  degraded  o u tp u t w ith o u t 
th e  need f o r  e x te r n a l ly  a p p l ie d  s t r e s s .  I t  i s  th e r e f o r e  c l e a r  t h a t  s in c e  
3 1 r e v e r s io n  i s  com plete  d u rin g  u n b ia sed  tra n s fo rm a tio n  c y c le s  t h a t  s t r e s s -  
induced  3 1 v a r ia n ts  canno t be th e  so u rce  o f  th e se  m o rp h o lo g ica l chan g es, 
b u t m ere ly  a id  th e  developm ent o f th e se  d e g ra d a tio n  s t r u c t u r e s .  The s t r e s s -  
induced  tr a n s fo rm a tio n  m ust th e r e f o r e  be p ro d u c in g  ’p e r s i s te n t - n u c le i*  
w hich rem ain  s ta b l e  in  th e  3 -phase  and n u c le a te  th e  changes in  th e  3 T 
m orphology. The r o le  o f  p e r s i s t e n t  n u c le i  have been  d is c u s s e d  in  3.21 
and 3 .22  where th e  two ty p e s  w ere d e s c r ib e d :
( i )  d i s lo c a t io n  a r r a y s  -  in tro d u c e d  by e i t h e r  heavy d e fo rm a tio n  (80) 
o r by tra n s fo rm a tio n  c y c lin g  (8 1 ) ,
( i i )  p e r s i s t e n t  m ic r o s t r u c tu r a l  f e a t u r e s , eg s t a b i l i z e d  a ' / B 1 
m a r te n s i te  s t r u c tu r e s  (8 2 ) .
Both ty p e s  o f p e r s i s t e n t  n u c le i  cou ld  form  d u rin g  therm om echanical c y c lin g  
c a r r i e d  o u t on th e se  a l lo y s .  There i s  now e x te n s iv e  ev id en ce  (77 , 102, 104) 
o f th e  developm ent o f d i s lo c a t io n  d e b r is  on t r a n s fo rm a tio n  c y c l in g  and in  
p a r t i c u l a r  th e  developm ent o f un ique d i s lo c a t io n  d e b r is  r e s u l t i n g  from  
b ia se d  tra n s fo rm a tio n  c y c l in g  in  c o n t r a s t  to  t h a t  induced  by u n b ia se d  
c y c lin g  (1 0 3 ). I t  i s  th e r e f o r e  f e a s ib l e  t h a t  d i s lo c a t io n  d e b r is  developed  
d u rin g  b ia se d  tra n s fo rm a tio n  c y c lin g  cou ld  be e f f e c t iv e l y  " r e t r a i n i n g ” 
th e  a l lo y .  In  a d d i t io n ,  how ever, th e  fo rm a tio n  of s ta b le  a T/ 3 ’ com posite  
s t r u c tu r e s  can be induced  in  CuZnAl a l lo y s .  These s t r u c tu r e s  r e s u l t  from  
a tw o -s ta g e  s t r e s s - in d u c e d  tr a n s fo rm a tio n  and co u ld  e q u a l ly  be th e  so u rc e  
o f  t h i s  d e g ra d a tio n  in  th e  RSM s t r a i n .
A lthough on ly  l im i te d  tra n s m is s io n  e l e c t r o n  m icroscopy has been  c a r r i e d  
o u t in  th e  p re s e n t  s tu d y , th e re  a re  c l e a r ly  d i f f e r e n c e s  in  th e  8 p a re n t
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phases o f cy c led  and u n cy c led  m a te r i a l s .  T h is  i s  in d ic a t iv e  o f th e  
b u ild -u p  o f tr a n s fo rm a tio n  d e b r i s .  T h is g e n e ra t io n  o f d i s lo c a t io n  d e b r is  
co u ld  th e r e f o r e  p la y  a r o le  in  th e  d e g ra d a tio n  problem .
I t  i s  c l e a r ,  how ever, t h a t  th e re  i s  th e  p re se n c e  o f m ic r o s t r u c tu r a l  
p e r s i s t e n t  n u c le i  w ith in  th e  3 -phase  fo llo w in g  b ia se d  tr a n s fo rm a tio n  
c y c l in g .  F ig u re  84 shows th e se  p e r s i s t e n t  f e a tu r e s  w hich a re  p l a t e - l i k e  
and s ta b le  even d u rin g  u n b ia sed  r e v e r s io n  c y c le s .  They a re  a ls o  
r e s p o n s ib le  f o r  th e  d is r u p t io n  o f th e  t r a in e d  m a r te n s i te s  on hhe fo rw ard  
t r a n s fo rm a tio n .  These f in e  p l a t e - l i k e  s t r u c tu r e s  a re  a s s o c ia te d  w ith  
th e  g ra in  b o u n d a rie s  w hich e x h ib i t  s t r e s s - in d u c e d  tr a n s fo rm a tio n  d u r in g  
b ia s e d  t r a n s fo rm a tio n  c y c le s ,  and can be re s o lv e d  b o th  o p t i c a l l y  (F ig u re  84) 
and in  th e  TEM (F ig u re  7 9 (b ) ) .  An im p o rta n t q u e s tio n ,  how ever, i s  th e  
n a tu re  o f  th e se  p l a t e s .  In  a l lo y s  o f t h i s  ty p e  th e re  a re  th r e e  p o s s i b i l i t i e s :
( i )  P l a t e - l i k e  b a i n i t i c  p ro d u c ts  o f 8 -phase  d eco m p o sitio n  produced
CYCLEin  th e  a p p l ie d  s t r e s s  f i e l d  a t  T_,.__ r r  MAX
( i i )  Sm all s t a b i l i z e d  8 ’ s t r e s s - in d u c e d  v a r i a n t s .
( i i i )  P la te s  o f a new s t r e s s - in d u c e d  m a r te n s i t i c  p h a se .
The p o s s i b i l i t y  o f th e s e  b e in g  p la te s  o f a b a i n i t i c  phase  i s  n o t 
in c o n c e iv a b le  s in c e  d u rin g  th e rm a l c y c l in g  m e ta s ta b le  8 -phase  i s  s u b je c te d  
to  c o n s id e ra b le  numbers o f th e rm al e x c u rs io n s  to  h ig h  te m p e ra tu re s .
There i s  a l s o  ev id en ce  (114) th a t  under c o n d i t io n s  o f h ig h  te m p e ra tu re s  
and s t r e s s  p l a t e - l i k e  b a i n i t i c  p ro d u c ts  develop  w ith  w e ll -d e f in e d  
c r y s ta l lo g r a p h ic  h a b i t  a s s o c ia te d  w ith  th e  o r i e n t a t i o n  o f th e  a p p l ie d  
s t r e s s .  T h is e x p la n a tio n  fo r  th e s e  p l a t e - l i k e  s t r u c tu r e s  does n o t ,  
how ever, e x p la in  th e  f u l l  range  o f e f f e c t s  observ ed  in  th e  p r e s e n t  w ork. 
F i r s t l y  t h e i r  p re sen ce  would n o t depend on a s t r e s s - in d u c e d  m a r t e n s i t i c  
t r a n s fo rm a tio n .  I t  has a lre a d y  been shown th a t  th e  d e g ra d a tio n  p ro c e s s  
depends on th e  p re sen ce  o f s ig n i f i c a n t  amounts o f s t r e s s - in d u c e d  m a r t e n s i t i c
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t r a n s fo rm a tio n  which i s  a t  odds w ith  th e s e  p la t e s  b e in g  b a i n i t i c  in  
n a tu r e .  Secondly  F ig u re  62 and th e  work o f Takezawa e t  a l  (110) show 
th a t  th e  d e g ra d a tio n  i s  p a r t i a l l y  r e v e r s ib l e  on age ing  a t  e le v a te d  
te m p e ra tu re s  w hich r e s to r e s  th e  " t r a in e d "  morphology and w hich must 
th e r e f o r e  d e s tro y  th e  c y c lin g - in d u c e d  d e g ra d a tio n  n u c l e i .  I t  i s  c l e a r  
t h a t  th e  p la te s  can n o t be b a i n i t i c  s in c e  i f  th e y  were th e y  would n o t show 
a r e v e r s ib l e  tr a n s fo rm a tio n  on a h e a t - t r e a tm e n t  o f  t h i s  k in d , b u t would 
in s te a d  be ex p ec ted  to  grow f u r th e r  by a d d i t io n a l  3 -phase  d eco m p o sitio n .
The o b served  r e v e r s i b i l i t y  o f  a  la rg e  component o f t h i s  c y c lin g - in d u c e d  
d e g ra d a tio n  i s  good ev id en ce  th a t  th e se  p la te s  a re  m a r te n s i t i c  in  n a tu r e ,  
s in c e  p ro v id ed  s u f f i c i e n t  th e rm al a c t iv a t io n  i s  p ro v id e d , even 
's t a b i l i z e d *  m a r te n s i te  p la t e s  can be made to  r e v e r t  and in  t h i s  ca se  
r e s t o r e  th e  " t r a in e d "  undegraded  b e h a v io u r . F u r th e r  ev id en ce  t h a t  th e s e  
a re  m a r te n s i t i c  p la t e s  comes from  th e  f a c t  t h a t  th e y  develop  in  re g io n s  
a s s o c ia te d  w ith  s t r e s s - in d u c e d  m a r te n s i t i c  tr a n s fo rm a tio n ,  and th e r e f o r e  
appear to  be th e  p ro d u c t o f th e s e  t r a n s fo rm a t io n s .  I t  i s  im p o rta n t to  
e s t a b l i s h ,  how ever, w hether th e s e  m a r te n s i te s  a re  h ig h ly  s t a b i l i z e d  3* 
v a r i a n t s  o r a re  s ta b l e  m a r te n s i te s  o f a new s t r u c t u r e  ty p e . E v idence f o r  
t h i s  comes from  i n - s i t u  o p t i c a l  m icroscopy . These p la te s  can n o t be 
s t a b i l i z e d  3* v a r i a n t s  s in c e  under c r o s s - p o la r i s e d  i l lu m in a t io n  th e y  do 
n o t e x h ib i t  th e  c o lo u r  c o n t r a s t  a s s o c ia te d  w ith  3* m a r te n s i te s .  F u r th e r  
ev id en ce  f o r  them b e in g  an a l t e r n a t i v e  m a r te n s i te  comes from  th e  
co m p o sitio n a l s e n s i t i v i t y  o f th e  d e g ra d a tio n  phenomenon. S ince th e  
d e g ra d a tio n  i s  c o m p o s itio n a lly  s e n s i t i v e  (F ig u re  6 1 ) , th e  fo rm a tio n  o f 
th e s e  p la te s  m ust o ccu r v ia  a c o m p o s itio n a lly  s e n s i t i v e  p ro c e s s .  F ig u re  25 
shows t h a t  th e  s t r e s s - in d u c e d  3-^3’ tr a n s fo rm a tio n  shows l i t t l e  c o m p o s itio n a l 
s e n s i t i v i t y  and th e r e f o r e  th e s e  p la te s  can n o t be 3 ’ v a r i a n t s .
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CuZnAl a l lo y s  o f th e  p r e s e n t  ty p e  do , how ever, e x h ib i t  a f u r th e r  
m a r te n s i t i c  phase  d u rin g  p s e u d o e la s t ic  d e fo rm a tio n , as can be seen  in  
F ig u re  24. The a '  m a r te n s i te  forms v ia  a se c o n d -s ta g e  m a r te n s i te  to  
m a r te n s i te  tr a n s fo rm a tio n  and e x h ib i t s  an f c t  6R s t r u c t u r e  in  c o n t r a s t  
to  th e  18R 8 ’ m a r te n s i te .  The t r a n s fo rm a tio n a l  s t r e s s - th r e s h o ld s  of 
t h i s  8 t-hx’ tr a n s fo rm a tio n  a r e  h ig h ly  co m p o sitio n  s e n s i t i v e  (F ig u re s  25 and
g ^  ^
26) w ith  low er <? in  low A l-c o n te n t a l lo y s .  This co m p o s itio n a l
s e n s i t i v i t y  i s  c o n s i s te n t  w ith  th e  observed  d e g ra d a tio n  phenomena (F ig u re  61) 
and i t  i s  th e r e f o r e  l i k e l y  t h a t  th e se  p la te s  a re  a* m a r te n s i te s  form ed 
v ia  a tw o -s ta g e  SIM tr a n s fo rm a tio n .
The com bination  o f a l l  th e  p r e s e n t  e x p e rim e n ta l r e s u l t s  w ith  th e  d a ta  
a v a i la b le  fo r  CuZnAl a l lo y s  th e r e f o r e  su g g e s ts  t h a t  th e  s e v e re  d e g ra d a tio n  
in  th e  RSM s h a p e - s t r a in  d u r in g  b ia s e d  tra n s fo rm a tio n  c y c l in g  r e s u l t s  from  
d is r u p t io n s  o f th e  " t r a in e d "  8 T m a r te n s i te s  by p la te s  o f a 1 w hich form  v ia  
a tw o -s ta g e  s t r e s s - in d u c e d  tr a n s fo rm a tio n .  However, on a n a ly s in g  th e  
v a lu e s  in  th e  c u r r e n t  l i t e r a t u r e  f o r  s t r e s s - th r e s h o ld s  f o r  6 f'>ot, 
t r a n s fo rm a tio n  (F ig u re  25) i t  i s  c l e a r  t h a t  th e  e x p e r im e n ta lly  a p p l ie d  
s t r e s s e s  a re  i n s u f f i c i e n t  to  exceed th e s e  tr a n s fo rm a tio n  th r e s h o ld s .
Thus a ’ cou ld  n o t be induced  g e n e ra l ly  w ith in  th e  m ic r o s t r u c tu r e .  M icroscopy 
how ever, r e v e a ls  t h a t  th e s e  a f m a r te n s i t i c  p la t e s  a re  sm all in  volume 
f r a c t io n  and a re  alw ays lo c a l i s e d  a t  g ra in -b o u n d a r ie s  -  in  p a r t i c u l a r  a t  
t r i p l e  p o in t s .  Thus a lth o u g h  a T canno t be induced  g e n e r a l ly ,  i t  ap p ea rs  
th a t  i t  can be s t r e s s - in d u c e d  a t  re g io n s  o f  s t r e s s  c o n c e n tr a t io n .
Clapp and H ussa in  (115) in  a s tu d y  o f th e  g r a in  b o u n d a rie s  o f  c o p p e r-b a se  
a l lo y s  have d e s c r ib e d  th e  s t r e s s  c o n c e n tra t io n  w hich can develop  a t  g r a in  
b o u n d a rie s  in  term s o f th e  v e ry  h ig h  a n is o tro p y  r a t i o  (o f  th e  o rd e r  13 (117)) 
in  th e s e  a l lo y s .  In  p o ly c r y s t a l l i n e  sam ples under s t r e s s  t h i s  a n is o tro p y
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im p lie s  th a t  th e r e  a re  c o n s id e ra b le  d i f f e r e n c e s  in  s t r a i n  a c ro s s  th e
g ra in  b o u n d a rie s  w ith  th e  r e s u l t a n t  g e n e ra tio n  o f c o m p a t ib i l i ty  s t r e s s e s .
These s t r e s s e s ,  r e q u ire d  to  m a in ta in  coherency  a c ro s s  th e  g r a in  boundary ,
have a.num ber o f  im p o rta n t im p lic a tio n s  p a r t i c u l a r l y  co n ce rn in g  f r a c t u r e
b e h a v io u r , b u t more im p o rta n t to  th e  p r e s e n t  work a re  th e  r e s u l t s  o f
Takezawa e t  a l  (116) w hich show th a t  in  CuZnAl b i c r y s t a l s  th e s e
coherency  s t r e s s e s  a r e  accommodated by lo c a l  tw o -s tag e  tra n s fo rm a tio n  to
a* . Thus d e s p i te  th e  f a c t  t h a t  th e  e x p e r im e n ta lly  a p p l ie d  le v e ls  o f
B1 1s t r e s s  a re  o f th e  o rd e r  o f  0 .2  to  0 .5  C , lo c a l i s e d  B’-hx1 tr a n s fo rm a tio n  
can o ccu r due to  th e  s t r e s s  c o n c e n tra t io n s  a s s o c ia te d  w ith  th e  B g r a in  
b o u n d a r ie s .
I t  has been  shown e x p e r im e n ta lly  t h a t  th e s e  m a r te n s i t i c  p l a t e s  rem ain  
s ta b l e  w ith  r e s p e c t  to  su b seq u en t u n b ia sed  tra n s fo rm a tio n s ,  th u s  m a in ta in in g  
th e  degraded  s h a p e - s t r a in  b e h a v io u r . In  s in g le  c r y s ta l s  e x h ib i t in g  
p s e u d o e la s t ic i ty  th e  a 1 phase  r e v e r t s  to  B v ia  B’ on u n lo a d in g  and would 
c e r t a in l y  r e v e r t  i f  h e a te d  d u rin g  an u n b ia sed  tr a n s fo rm a tio n .  T here i s ,  
how ever, e x p e rim e n ta l ev id en ce  th a t  p a r t i c u l a r l y  in  p o ly c r y s t a l l i n e  a l lo y s  
th e  a '  can d em o n stra te  an unexpec ted  s t a b i l i t y ,  as  o b served  in  th e  p r e s e n t  
w ork. T h is s t a b i l i t y  r e s u l t s  from  th e  f a c t  t h a t  ( i )  th e  t r a n s fo rm a t io n a l  
th re s h o ld s  a re  c o m p o s itio n a lly  s e n s i t i v e ,  and th a t  th e  a'-H3T r e v e r s io n  
th re s h o ld  in  low A l-c o n te n t  a l lo y s  i s  l e s s  th a n  ze ro  s t r e s s  (F ig u re  26) and 
th e  a 1 w i l l  th e r e f o r e  rem ain  s ta b le  on u n lo a d in g , ( i i )  th e  s t r e s s  system  
(1 1 8 ), p a r t i c u l a r l y  th e  coherency  s t r e s s  f i e l d s  a t  g ra in  b o u n d a r ie s ,  i n t e r a c t  
w ith  th e  a* s h a p e - s t r a in s  to  l o c a l ly  s t a b i l i z e  th e  m a r te n s i te  and ( i i i )  th e  
therm om echanical c o n d i t io n s  (eg ag e in g ) can  s t a b i l i z e  th e  s t r e s s - in d u c e d  
p ro d u c t (8 2 ) . Thus a* p la te s  can rem ain  r e s i s t a n t  to  s h o r t - te rm  th e rm a l 
e x c u rs io n s  and c o n tin u e  to  c o n tro l  th e  n a tu re  o f  th e  B1 v a r i a n t s  fo rm ing  
d u rin g  th e  fo rw ard  th e rm al tr a n s fo rm a tio n .
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T his  sm all volume f r a c t io n  o f  a 1 in c re a s e s  c u m u la tiv e ly  on each  b ia se d
tra n s fo rm a tio n  c y c le ,  in c re a s in g ly  d i s r u p t in g  th e  t r a in e d  3 f m orphology
and d eg rad in g  th e  s t r a i n  o u tp u t u n t i l  i t  i s  degraded  to  th e  e x te n t  w here
3 ’*>ct'th e  b i a s - s t r e s s  developed  does n o t exceed Q . S tre s s - in d u c e d
d e g ra d a tio n  th e n  c e a s e s .  The r e s u l t  o f t h i s  i s  t h a t  th e  d e g ra d a tio n  
i s  i n i t i a l l y  r a p id  and d e c re a se s  as th e  b ia s  s t r e s s  d e c re a se s  d u rin g  
th e  d e g ra d a tio n  p ro c e s s .
The mechanism d e s c r ib e d  above a d e q u a te ly  e x p la in s  th e  r e v e r s ib l e  component 
o f th e  d e g ra d a tio n  s in c e  i t  i s  p o s s ib le  to  r e v e r t  th e  a 1 n u c le i  p ro v id e d  
s u f f i c i e n t  th e rm a l a c t i v a t io n  i s  s u p p lie d .  I t  does n o t ,  how ever, e x p la in  
th e  so u rce  o f  th e  i r r e v e r s i b l e  com ponent. T here m ust th e r e f o r e  be a 
seco n d ary , s m a lle r  and i r r e v e r s i b l e  component o f th e  s h a p e - s t r a in  
d e g ra d a tio n . The so u rce  o f t h i s  e f f e c t  i s  u n c le a r  from th e  p r e s e n t  w ork, 
however i t  i s  c l e a r  from  th e  m a jo r i ty  o f tra n s fo rm a tio n  c y c lin g  
ex p erim en ts  (77 , 79, 101, 103) t h a t  d i s lo c a t io n  d e b r is  i s  g e n e ra te d  d u rin g  
th e  tra n s fo rm a tio n  c y c le s .  In  th e  p re sen t, work e x te n s iv e  c o n t r a s t  
changes were observed  in  th e  TEM betw een uncy c led  and cy c led  3 -p h a s e s , 
and t h i s  i s  c o n s i s te n t  w ith  t h i s  p ro c e s s .  I t  i s  th e r e f o r e  l i k e l y  t h a t  
i r r e v e r s i b l e  d is r u p t io n  o f th e  3 f v a r i a n t s  a r i s e s  as a r e s u l t  o f  
m o d if ic a t io n  o f th e  ' t r a i n e d 1 p e r s i s t e n t  n u c le i  by tra n s fo rm a tio n - in d u c e d  
d i s lo c a t io n  d e b r is .
In  a d d i t io n  to  th e  d e g ra d a tio n  in  th e  s h a p e - s t r a in  w hich d ev e lo p s d u rin g  
b ia s e d  t r a n s fo rm a tio n  c y c l in g ,  th e re  i s  a l s o  a sm all in c re a s e  in  T^ d u r in g  
th e  e a r ly  th e rm al c y c le s .  This change o ccu rs  w ith o u t s i g n i f i c a n t  changes 
in  th e  o v e r a l l  t r a n s fo rm a tio n  c h a r a c t e r i s t i c s  o r  s h a p e - s t r a in  o u tp u t 
(F ig u re  68) and i s  th e re f o r e  c l e a r ly  n o t a s s o c ia te d  w ith  m a r t e n s i t i c  o r 
3 -phase  a g e in g . The in c re a s e  in  T^ m ust th e r e f o r e  r e s u l t  from  changes in
194
th e  a c t iv e  m a r te n s i te s  d u r in g  c y c l in g .  P e rk in s  (78) has d e s c r ib e d  a 
h ie ra r c h y  o f m a r t e n s i t i c  n u c le a t io n  s i t e s  w hich can be m o d ified  by 
tr a n s fo rm a tio n  c y c l in g ,  such  th a t  c e r t a in  s i t e s  can be t r a in e d  to  c o n t ro l  
th e  m a r te n s i te  fo rm a tio n . The so u rce  o f  t h i s  in c re a s e  in  T^ i s  a s s o c ia te d  
w ith  a sm all in c re a s e  in  th e  r e v e r s io n  te m p e ra tu re  o f th e  f i r s t  a c t iv e  
v a r ia n ts  to  r e v e r t  d u r in g  h e a t in g ,  and i t  i s  p o s s ib le  t h a t  lo c a l i s e d  
re in fo rc e m e n t o f th e  RSM p e r s i s t e n t  n u c le i  by tra n s fo rm a tio n - in d u c e d  
d i s lo c a t io n  d e b r is  co u ld  r e s u l t  in  a  l o c a l i s e d  s t a b i l i z a t i o n  o f th e  
r e v e r s io n  o f a c t iv e  v a r i a n t s  -  in c re a s in g  d u rin g  th e  e a r ly  th e rm al 
c y c le s .
To sum m arise -  c o n s id e ra b le  i n s t a b i l i t i e s  in  th e  RSM have been  o bserved  
in  CuZnAl. T ra n s ie n t  phenomena a r i s e  as a  r e s u l t  o f m a r t e n s i t i c  a g e in g  
in  e i t h e r  th e  co m p le te ly  m a r te n s i t i c  o r  in  th e  p a r t i a l l y  m a r t e n s i t i c  
s t a t e s .  The f e a tu r e s  o f t h i s  age in g  a re  e n t i r e l y  c o n s is te n t  w ith  th o se  
observ ed  in  ag e in g  ex p erim en ts  in  th e  p u b lish e d  l i t e r a t u r e ,  b u t w ith  a 
d i f f e r e n c e  in  th e  m agnitude of th e  e f f e c t  a s  a r e s u l t  o f th e  therm om echan ica l 
tre a tm e n t employed d u rin g  RSME t r a i n in g .
The most s ig n i f i c a n t  i n s t a b i l i t y ,  how ever, i s  th e  d e g ra d a tio n  o f  th e  
s h a p e - s t r a in  o u tp u t d u rin g  b ia s e d  t r a n s fo rm a tio n  c y c l in g .  T h is  phenomenon 
i s  c o n s is te n t  w ith  th e  r e s u l t s  from  th e  o n ly  a v a i la b le  s tu d y  o f th e  
e f f e c t  o f  b ia s e d  tra n s fo rm a tio n  c y c l in g ,  and th e  p r e s e n t  work h a s  shown 
t h a t  t h i s  phenomenon a r i s e s  from  a d i s r u p t io n  o f  th e  a c t i v e ,  ' t r a i n e d '
8 ' v a r ia n t s  by a sm a ll volume f r a c t io n  o f a '  m a r te n s i te  form ed d u r in g  
tra n s fo rm a tio n  c y c l in g  v ia  a lo c a l i s e d  tw o -s ta g e  s t r e s s - in d u c e d  m a r t e n s i t i c  
tr a n s fo rm a tio n .
In  th e  fo llo w in g  c h a p te r  a q u a n t i t a t iv e  model w i l l  be developed  f o r  t h i s  
s h a p e - s t r a in  d e g ra d a tio n  p ro c e s s ,  assum ing th e  fo rm a tio n  o f a '  i s  th e  
prim e d e g ra d a tio n  m echanism .
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8 .1  The Model
F ig u re  85 shows th e  c h a r a c t e r i s t i c s  o f  th e  s t r e s s - s t a b i l i z a t i o n  of 
r e v e r s io n  w hich as  d is c u s s e d  in  C hap ter 7 i s  ty p i c a l  of a s t r e s s - in d u c e d  
tra n s fo rm a tio n  from  3 to  3 T m a r te n s i te .  The volume f r a c t io n  o f  s t r e s s -  
s t a b i l i z e d  v a r i a n t  r e s p o n s ib le  f o r  th e  b ia s e d  r e v e r s io n  re sp o n se  can 
th e r e f o r e  be e s tim a te d  by a sim ple c o n s id e ra t io n  o f a s t r e s s - in d u c e d  
tra n s fo rm a tio n .
The s t r e s s - s t r a i n  b e h a v io u r d u rin g  a s in g le - s t a g e  s t r e s s - in d u c e d  tr a n s fo rm a tio n  
i s  shown s c h e m a tic a l ly  in  F ig u re  89. T ran sfo rm a tio n  i s  i n i t i a t e d  a t  
dJjT*111, th e  t r a n s fo rm a tio n a l  s t r e s s - th r e s h o ld  and in  s in g le  c r y s t a l  m a te r ia l  
i s  fo llo w ed  by t r a n s fo rm a tio n  a t  ap p ro x im a te ly  c o n s ta n t s t r e s s  u n t i l  
com plete co n v e rs io n  to  m a r te n s i te  i s  o b ta in e d . In  p o ly c r y s ta l s  t h i s  
tr a n s fo rm a tio n  o ccu rs  on a r i s i n g  s t r e s s  as  a r e s u l t  o f a  v a r i e t y  o f  
Schmidt f a c to r s  in  th e  d i f f e r e n t l y  o r ie n te d  g ra in s  and due to  in c re a s e d  
c o n s t r a in t  on th e  tr a n s fo rm a tio n  in  th e 'p ro x im ity  o f g r a in  b o u n d a r ie s .
Over a l im i te d  ran g e  o f s t r e s s  in  p o ly c r y s t a l l i n e  a l lo y s ,  th e  volum e 
f r a c t io n  of SIM can th e r e f o r e  be e s tim a te d  from  th e  d i f f e r e n c e  betw een 
th e  a p p l ie d  s t r e s s ,  and th e  tr a n s fo rm a tio n a l  s t r e s s - th r e s h o ld :
FSTAB 3
a BIAS ( 10)
Where
FSTAB 3 i s  th e  volume f r a c t io n  o f s t a b i l i z e d  3 ' a t  te m p e ra tu re  TJ T
°biasJ t i s  th e  a p p lie d  s t r e s s  a t  T
i s  th e  3-^3f tr a n s fo rm a tio n  s t r e s s - th r e s h o ld  a t  T
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S ince  th e s e  s t a b i l i z e d  m a r te n s i te s  a re  th o se  g e n e ra tin g  th e  s h a p e - s t r a in  
d u rin g  norm al r e v e r s io n ,  th e  volume f r a c t io n  o f th e s e  s t a b i l i z e d  v a r ia n t s  
m ust th e r e f o r e  be p r o p o r t io n a l  to  th e  d i f f e r e n c e  betw een th e  b ia s e d  and 
u n b ia sed  s h a p e - s t r a in  re sp o n se . The b ia s e d  a x ia l  s h a p e - s t r a in  a t  any 
te m p e ra tu re  i s  th u s  g iv en  by th e  d i f f e r e n c e  betw een th e  u n b ia sed  s t r a i n  
re sp o n se , and th e  s h a p e - s t r a in  g e n e ra te d  by th e  s t a b i l i z e d  m a r te n s i te s .
The model d e sc r ib e d  so f a r  c o n s id e rs  on ly  th e  s t r e s s - s t a b i l i z e d  v a r i a n t s .  
The p r e s e n t  w ork, how ever, in d ic a te s  t h a t  th e re  i s  a ls o  l o c a l i s e d  tw o -s ta g e  
t r a n s fo rm a tio n  d u rin g  b ia se d  r e v e r s io n s .  The s h a p e - s t r a in  m ust th e r e f o r e  
be reduced  f u r th e r  by a f a c t o r  d e s c r ib in g  th e  p re se n c e  o f tw o -s ta g e  
tra n s fo rm a tio n .  The c o n t r ib u t io n  from  th e s e  tw o -s tag e  tra n s fo rm a tio n  
p ro d u c ts  cou ld  be c o n s id e re d  in  term s o f th r e e  volume f r a c t i o n s ,
( i )  Volume f r a c t i o n  o f a 1 SIM.
( i i )  Volume f r a c t io n  o f 3 ’ SIM.
( i i i )  Volume f r a c t io n  o f 3 ’ v a r i a n t s  d is ru p te d  by th e  SIM.
However, s in c e  th e  e x p e rim e n ta l ev id en ce  shows th a t  th e  s h a p e - s t r a in  
d e g ra d a tio n  a r i s e s  from  th e  d is r u p t io n  o f  3 'v a r i a n t s  by a  sm a ll volume 
f r a c t io n  o f a ' ,  i t  i s  e a s ie r  b o th  m a th e m a tic a lly  and p h en o m en o lo g ica lly  
to  c o n s id e r  th e  p ro d u c ts  o f  t h i s  tw o -s ta g e  tra n s fo rm a tio n  in  te rm s o f  
an e f f e c t iv e  a T volume f r a c t i o n ,  r e f l e c t i n g  b o th  th e  r e a l  volume f r a c t i o n  
o f  a T and th e  volume f r a c t io n  o f d is ru p te d  3 ’ v a r ia n ts  (F ig u re  9 0 ) .
A ty p i c a l  s t r e s s - s t r a i n  cu rve  f o r  t h i s  m u l t i - s ta g e  tr a n s fo rm a tio n  in  s in g le  
c r y s t a l  CuZnAl i s  shown in  F ig u re  24, and th e  v a r i a t i o n  o f th e  
t r a n s fo rm a tio n  s t r e s s - th r e s h o ld s  w ith  te m p e ra tu re  and co m p o sitio n  in  
F ig u re  25. The s t r e s s  le v e ls  employed d u rin g  m acroscop ic  c y c l in g  in  th e  
p re s e n t  work, how ever, w ere much low er th a n  th o se  re q u ire d  to  b u lk
197
PARENT—MARTENSITE
T =  CONST
MARTENSITE—PARENT
M - Pa
£  T R A N S F
Fig. 89  Schem atic Representation of the Stress-Strain Behaviour 
of a Therm oelastic Martensitic B-phase Alloy
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Fig. 90  Schem atic Representation of (a) the Degradation 
Features in a Biased-cycled RSME Alloy, and 
(b)the Effective Volume-Fraction of Martensite 
Affected by 2-stage Transformation,
( Employed in the Model).
n u c le a te  a 1. T h is i s  e a s i l y  re s o lv e d  phen o m en o lo g ica lly  in  th e  
p o ly c r y s t a l l i n e  m a te r ia l  s in c e  i t  has a lre a d y  been  n o ted  t h a t  th e  
s e c o n d -s ta g e  tr a n s fo rm a tio n  p ro d u c t i s  found a t  re g io n s  o f s t r e s s  
c o n c e n tr a t io n .  The p re se n c e  o f t h i s  s e c o n d -s ta g e  p ro d u c t can th e r e f o r e  
be accoun ted  f o r  by c o n s id e r in g  th e  p re se n c e  o f  t h i s  p ro d u c t o n ly  in  
lo c a l i s e d  re g io n s  where th e r e  i s  s u f f i c i e n t  s t r e s s  c o n c e n tra t io n  to  
n u c le a te  a ’ . To do t h i s  th e  model m ust c o n ta in  two f a c t o r s :
( i )  A s t r e s s  c o n c e n tra t io n  f a c t o r  to  a llo w  th e  a p p lie d  s t r e s s  
to  be r a i s e d  above th e  3 '^ a 1 s t r e s s - th r e s h o ld .
( i i )  A f a c t o r  w hich a d ju s t s  t h i s  to  acco u n t f o r  o n ly  lo c a l i s e d  
tra n s fo rm a tio n .
E v a lu a tin g  a l l  th e se  model components a l g e b r a i c a l ly :
<5 6 —  * <5 + 6_BIAS_ T _UNBIAS_ T _ STABB _ T _SIM
( 11)
Where:
BIAS i s  th e  b ia se d  d e f l e c t i o n  o f th e  a c tu a to r  a t  te m p e ra tu re  T,_iT
UNBIAS i s  th e  u n b ia sed  d e f l e c t i o n  o f th e  a c tu a to r  a t  T.
STAB3*
simJ t
i s  th e  re d u c t io n  in  d e f l e c t i o n  a t  T due to  s t a b i l i z e d  3 T
v a r i a n t s .
i s  th e  re d u c t io n  in  d e f l e c t i o n  a t  T due to  tw o -s ta g e
tra n s fo rm a tio n .
From e q u a tio n  10 i t  i s  c l e a r  th a t  th e  a x i a l l y  re s o lv e d  s h a p e - s t r a in  
c o n t r ib u t io n  due to  s t a b i l i z e d  3 ' v a r i a n t s
'STAB3 f = KJ T STAB
q  -  cr
BIAS
3 + 3 '' ( 12)
J T
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w here K„mAT1 i s  a c o n s ta n t  r e l a t i n g :  STAB
to  F
J T STAB3 '
and ( i i )  F -,^.-.,,, to  th e  a x i a l l y  re s o lv e d  component o f  th e  m acroscop ic
b l A x > P
s h a p e - s t r a in  g e n e ra te d  by th e  s t a b i l i z e d  31- v a r i a n t s .
The fo rm u la tio n  re q u ire d  f o r  th e  te rm SIM , how ever, i s  more in v o lv e d .
S ince  th e  fo rm a tio n  o f  a '  i t s e l f  r e q u ir e s  a f i r s t - s t a g e  3+3f tra n s fo rm a tio n ,
th e  f a c t o r  d e s c r ib in g  tw o -s ta g e  tra n s fo rm a tio n  m ust c o n ta in  term s
d e s c r ib in g  b o th  3+3’ and 3 t+ n ’ tr a n s fo rm a tio n .  C o n s id e rin g  th e s e  two s ta g e s
in d e p e n d e n tly , a s u i t a b le  fo rm u la tio n  would be one s im i la r  to  t h a t  employed
f o r  th e  s t r e s s - s t a b i l i z a t i o n  phenomenon. A prob lem , how ever, a r i s e s  as
to  how th e  F , . T,. and Fofr,_,, term s a r e  combined to  g iv e  an " e f f e c t iv e  a ’ SIM 3 SIM °
d is ru p te d  v o lu m e -f ra c tio n "  c o n ta in in g  b o th  SIM p ro d u c ts  and d is ru p te d  
" t r a in e d "  v a r i a n t s .  An a d d i t iv e  r e l a t io n s h ip  betw een th e  two SIM term s 
can a d e q u a te ly  e x p la in  th e  volume f r a c t io n s  o f th e  SIM p ro d u c t ,  b u t n o t 
th e  e f f e c t iv e  d is ru p te d  volum e. S ince th e  two s ta g e s  o f tr a n s fo rm a tio n  
a re  so in t im a te ly  lin k e d  b o th  w ith -o n e -a n o th e r  and w ith  th e  s t r u c t u r a l  
d is r u p t io n ,  a m u l t i p l i c a t i v e  te rm  has been  em ployed, w ith  any c o r r e c t io n  
f a c to r s  re q u ire d  c o n ta in e d  w ith in  th e  model c o n s ta n t .  Thus th e  te rm  w hich 
i s  employed w ith in  th e  p re s e n t  model to  d e s c r ib e  th e  s t r e s s - in d u c e d  
tra n s fo rm a tio n  c o n t r ib u t io n  to  th e  re d u c t io n  in  a x i a l  s h a p e - s t r a in  
d u rin g  a s in g le  b ia s e d  c y c le  i s :
6 = K r  3+3*1O „ — <7 . Cd„TA(, -_ S IM_ T SIM _ BIAS T _ BIAS
( 1 3 )
->T
Where: C i s  a s t r e s s  c o n c e n tra t io n  f a c t o r
and K^-., i s  a c o n s ta n t r e l a t i n g :  SIM
2 0 0
( i )  The co m bination  o f th e  two s t r e s s  d i f f e r e n c e s  to  th e  " e f f e c t iv e  
a '  volume f r a c t io n " .
( i i )  T h is  e f f e c t i v e  a ’ volume f r a c t i o n  to  th e  a x ia l ly - r e s o lv e d  SIM 
s t r a i n .
Thus th e  com plete  fo rm u la tio n  f o r  th e  c a l c u la t io n  o f th e  a x i a l  d e f l e c t i o n  
d u rin g  a s in g le  b ia se d  r e v e r s io n  c y c le  can be w r i t t e n :
r
6 6 K_ BIAS_ T _UNBIAS_ T STAB 0BIAS “  ° J T
+ KSIM <3 -  <3BIAS CgBIAS ~ C
->a
(14)
The v a r i a t i o n  o f th e s e  s t a b i l i z a t i o n  and s t r e s s - in d u c e d  tr a n s fo rm a tio n  term s 
w ith  te m p era tu re  d u rin g  a ty p i c a l  r e v e r s io n  c y c le  i s  i l l u s t r a t e d  s c h e m a tic a lly  
in  F ig u re  91. F ig u re  91 (a) shows th e  e f f e c t  o f te m p e ra tu re  on th e  s t r e s s  
d i f f e r e n c e s  used  in  c a l c u la t in g  th e  com ponents o f  th e  s h a p e - s t r a in  due 
to  s t a b i l i z a t i o n  and s t r e s s - in d u c e d  tr a n s fo rm a tio n .  Two b ia s  s t r e s s
spectrum s a re  shown 'BIAS , and C<3BIAS , th e  g e n e ra l l e v e l  o f  a p p l ie d
and th e  lo c a l  le v e l  o f s t r e s s  a t  s t r e s s  c o n c e n tr a t io n s ,  and th e  two
tra n s fo rm a tio n a l  s t r e s s  th re s h o ld s .S-H3 ']■ and T* These s t r e s s
d i f f e r e n c e s  g iv e  r i s e  to  th e  b eh av io u r shown in  F ig u re  91(b) where th e  
e f f e c t  o f  s t a b i l i z a t i o n  and tra n s fo rm a tio n  i s  e v a lu a te d .  I t  i s  c l e a r  
t h a t  d u rin g  a s p r in g -b ia s e d  r e v e r s io n  c y c le  as r e v e r s io n  p ro ceed s  on 
in c re a s in g  th e  te m p e ra tu re , th e  amount o f s t r e s s - s t a b i l i z a t i o n  and s t r e s s -  
induced  tra n s fo rm a tio n  in c re a s e s  to  a maximum s h o r t ly  a f t e r  r e v e r s io n  
b eg in s  and th en  g ra d u a l ly  f a l l s  as th e  te m p e ra tu re  in c r e a s e s .
S ince  th e  b ia se d  tra n s fo rm a tio n  i s  dom inated by s t r e s s - s t a b i l i z a t i o n  o f 
S' v a r i a n t s ,  f o r  sm all numbers o f c y c le s  o r  w here com plete  re c o v e ry  in to
2 0 1
A T*
8
'SIM
A T*
Fig. 91 (a) Schem atic Representation of the General 
and local Stress Spectra and Transformation 
Thresholds during Spring-bias Reversions 
(b) The Development of Strain due to Stress-  
Stabilization and Stress-Induced  
Transformation during the sam e Reversion
th e  3 -phase  o c c u rs , th e  model can be approx im ated  to :
6 6_ BIAS_ T _UNBIAS_
■tr r  , 3 + 3 ' "
T STAB l_a BIAS
However, when c o n s id e r in g  c o n d itio n s  w here d e g ra d a tio n  ta k e s  p la c e  ( i e  where 
th e  a T component i s  s i g n i f i c a n t )  th e  f u l l  fo rm u la tio n  m ust be em ployed.
E x p erim en ta l ev id en ce  su g g e s ts  t h a t  d u rin g  c y c lin g - in d u c e d  d e g ra d a tio n , 
s i g n i f i c a n t  amounts o f  SIM, a s s o c ia te d  w ith  i r r e v e r t i b l e  a* d i s r u p t  norm al 
p redom inan t v a r i a n t  grow th , th u s  d eg rad in g  th e  s h a p e - s t r a in .  A u s e f u l  
way to  c o n s id e r  d e g ra d a tio n  i s  th e r e f o r e  in  term s o f th e  amount o f e f f e c t i v e  
a 1 v o lu m e -f ra c tio n  a t  th e  maximum te m p e ra tu re  on each  c y c le .  D uring  m acroscop ic  
c y c l in g  th e  te m p e ra tu re s  a t  th e  top  and bo ttom  of th e  c y c le  a r e  a t t a in e d  
v e ry  r a p id ly  (F ig u re  92) and th e  fo rw ard  and r e v e r s e  tr a n s fo rm a tio n  on 
c y c lin g  betw een is o th e rm a lly  c o n t ro l le d  env ironm ents  can th e r e f o r e  be 
co n s id e re d  as " is o th e rm a l11 tra n s fo rm a tio n s .  In  p r a c t i c e ,  th e r e f o r e ,  th e  
s t r u c tu r e s  p re s e n t  a t  th e  to p  o f th e  th e rm a l c y c le s  a re  r e ta in e d  on c o o lin g .
I f  th e s e  SIM s t r u c tu r e s  a r e  c o n s id e re d  as  s t a b i l i z e d  and n o n -a c t iv e ,  i e  th e y  
do n o t r e v e r t  and t h e i r  a x ia l - r e s o lv e d  s h a p e - s t r a in s  a re  s m a ll ,  d u r in g  
subseq u en t r e v e r s io n  c y c le s  th e  a x i a l  s h a p e - s t r a in  becomes deg rad ed  by 
an amount 6 SIM Assuming a cu m u la tiv e  b u ild -u p  o f  t h i s  e f f e c t i v e  
MAX
volume f r a c t io n  o f s ta b le  a 1 on each  r e v e r s io n  c y c le ,  a c o n tin u o u s  
d e g ra d a tio n  in  th e  5/T re sp o n se  o f th e  a c tu a to r  w i l l  be g e n e ra te d . T h is 
change m ust, how ever, be c a lc u la te d  i t e r a t i v e l y  s in c e  w ith  s p r in g  b i a s ,  
d e g ra d a tio n  in  th e  6/T spectrum  a ls o  r e s u l t s  in  changes in  th e  a p p l ie d  
s tr e s s - s p e c tru m  f o r  th e  n e x t c y c le .  Thus th e  d e g ra d a tio n  in  a x i a l  s t r a i n  
o u tp u t o f a s p r in g  b ia se d  a c tu a to r  can be c a lc u la te d  u s in g  th e  
fo rm u la tio n :
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W ith t h i s  model i t  becomes c l e a r  why c y c l in g  to  d i f f e r e n t  maximum 
te m p e ra tu re s  changes th e  deg ree  o f d e g ra d a tio n . F ig u re  91(b) shows 
s c h e m a tic a lly  t h a t  th e  SIM component changes w ith  te m p e ra tu re , d e c re a s in g  
as th e  maximum c y c lin g  te m p e ra tu re  i s  in c re a s e d .  Thus c y c l in g  to  h ig h e r  
te m p e ra tu re s  r e s u l t s  in  in c re a s in g ly  sm a lle r  e f f e c t i v e  a* volume f r a c t io n s  
and th u s  l e s s  d i s r u p t io n  in  th e  a c t iv e  (3* v a r i a n t s  and l e s s  d e g ra d a tio n  
in  s h a p e - s t r a in .  T h is  r e s u l t s  from  th e  f a c t  t h a t  th e  fo rm a tio n  o f  th e s e  
a T d e g ra d a tio n  f e a tu r e s  depends on tw o -s ta g e  tr a n s fo rm a tio n ,  th e  f i r s t  s ta g e  
of w hich $-H31 i s  te m p e ra tu re  dependent (F ig u re  2 5 ).
The d a ta  re q u ire d  f o r  th e  c a lc u la t io n  o f  th e  b ia s e d  tra n s fo rm a tio n  and 
d e g ra d a tio n  b e h a v io u r i s  th e r e f o r e :
( i )  The u n b ia sed  5/T b e h a v io u r .
( i i )  The a p p lie d  b ia s  s t r e s s - s p e c tru m  d u rin g  c y c l in g .
|3 y n  I
( i i i )  The t r a n s fo rm a tio n a l  s t r e s s - th r e s h o ld s  d and d
( iv )  The v a lu e  o f th e  s t r e s s  c o n c e n tr a t io n  f a c t o r .
(v) The v a lu e s  o f th e  c o n s ta n ts  K__.# and K— . - .SIM STAB
The u n b ia sed  b e h a v io u r i s  d i f f i c u l t  to  o b ta in  from  f i r s t  p r i n c i p l e s ,  b e in g
dependen t on th e  a l lo y ,  th e  o r i e n t a t i o n  o f th e  g ra in s  w ith  r e s p e c t  to
th e  a p p l ie d  s t r e s s ,  and th e  e x a c t n a tu re  o f  th e  therm om echanical p ro c e s s in g
to  RSME. At p re s e n t  i t  i s  s t i l l  u n c le a r  how th e se  i n t e r a c t  to
produce th e  f i n a l  RSM re sp o n se . S ince  t h i s  u n b ia sed  b e h a v io u r i s ,  how ever,
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e a s i l y  o b ta in e d  e x p e r im e n ta lly ,  t h i s  e x p e r im e n ta lly  d e te rm in ed  re sp o n se  
h as  been employed as th e  s t a r t i n g  p o in t  f o r  th e  m o d e llin g . A ty p i c a l  
exam ple o f  t h i s  d a ta  i s  shown in  F ig u re  93.
W ith th e  s p r in g - ty p e  b ia s  arrangem ent employed in  RSME d e v ic e s  th e r e  i s  a 
spectrum  o f b i a s - s t r e s s  w hich v a r ie s  w ith  te m p e ra tu re  d u rin g  r e v e r s io n .
As a f i r s t  ap p ro x im atio n  t h i s  can be deduced from  th e  u n b ia sed  tr a n s fo rm a tio n  
b e h a v io u r . Assuming th e r e  was no s t r e s s - s t a b i l i z a t i o n  o r s t r e s s - in d u c e d  
t r a n s fo rm a tio n ,  on s p r in g -b ia s e d  r e v e r s io n  th e  b ia s  lo a d  would develop  
in  th e  fo llo w in g  way:
p = 6_B!AS_ T _UNBIAS_
W here:
i s  th e  b ia s  fo rc e  a t  te m p e ra tu re , T.
T
and R i s  th e  s p r in g - r a te  o f th e  c o n v e n tio n a l b ia s - s p r in g .
T his i s  o b v io u s ly  an o v e re s tim a te  o f th e  b ia s  lo a d , s in c e  th e  s t r e s s -  
s t a b i l i z a t i o n  and s t r e s s - in d u c e d  tra n s fo rm a tio n  red u ce  th e  e f f e c t iv e  
d e f l e c t i o n .  However, i f  t h i s  v a lu e  i s  employed an a u to m a tic  com pensa tion  
f o r  t h i s  o v e re s tim a te  o ccu rs  when th e  model c o n s ta n ts  a re  e v a lu a te d .
V alues f o r  th e  t r a n s fo rm a tio n a l  s t r e s s - th r e s h o ld s  in  p o ly c r y s t a l l i n e  a l lo y s  
a re  n o t g e n e ra l ly  a v a i l a b l e ,  so s in g le  c r y s t a l  d a ta  was employed o f  th e  
ty p e  shown in  F ig u re s  24 and 25. The problem  a s s o c ia te d  w ith  th e  u se  o f  
t h i s  d a ta  i s  t h a t  th e r e  i s  no g u a ra n te e  t h a t  th e  th re s h o ld s  a r e  c r i t i c a l  
v a lu e s ,  i e  th ey  do n o t n e c e s s a r i ly  com pensate f o r  o r i e n t a t i o n  e f f e c t s  
w hich produce a r t i f i c i a l l y  h ig h  v a lu e s  f o r  th e  th re s h o ld s  as a r e s u l t  o f 
low Schm idt f a c to r s  . fo r  th e  r e s o lu t io n  o f th e  m a c ro sc o p ic a lly  a p p l ie d  
s t r e s s  on to  th e  m a r te n s i te  h a b i t  p la n e . In  g e n e ra l ,  how ever, i t  was 
co n s id e re d  a p p ro p r ia te  to  u se  th e s e  v a lu e s  as an ap p ro x im atio n  to  
b eh av io u r in  p o ly c r y s t a l l i n e  m a te r ia ls  s in c e  th ey  a re  l i k e l y  to  be  o f
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Fig. 93 Unbiased Transformation Behaviour of a 6 wt%AI Actuator
th e  same o rd e r  as th e  av erag e  t r a n s fo rm a tio n  s t r e s s - th r e s h o ld  fo r  a 
m ic ro s t ru c tu r e  c o n ta in in g  b o th  fa v o u ra b ly  and u n fav o u rab ly  o r ie n te d  
g r a in s .
In  th e  model a s t r e s s  c o n c e n tra t io n  f a c t o r  i s  r e q u ir e d  to  a llo w  lo c a l i s e d
tw o -s ta g e  tra n s fo rm a tio n  to  a * . A f a c t o r  o f 5 was employed in  th e
p re s e n t  c a lc u la t io n s  w hich i s  th e  lo w est s t r e s s - c a l c u l a t i o n  to  a llo w  
BT T<3^ , to  be exceeded u s in g  th e  e x p e rim e n ta l s t r e s s - s p e c t r a .  T h is  v a lu e
i s  n o t in c o n s i s t e n t  w ith  th e  s t r e s s  c o n c e n tra t io n s  r e s u l t i n g  from  th e
h ig h  a n is o tro p y  o f  m echan ica l p r o p e r t i e s  a c ro s s  th e  g ra in  b o u n d a rie s
in  t h i s  ty p e  o f a l lo y .  The work o f  Clapp and H ussa in  (1 1 5 ), Takezawa e t  a l
(116) and M iuazaki e t  a l  (117) has shown th e  dominance o f  t h i s  g r a in
boundary s t r e s s  c o n c e n tr a t io n  and Suezawa and Sumino (118) have d e te rm in ed
th e  a n iso tro p y  r a t i o  r e s p o n s ib le  f o r  th e se  s t r e s s  c o n c e n tr a t io n s
(A = /C-j2"Ci 2) eq u a l to  13. Thus th e  c o n c e n tra t io n  f a c t o r  o f  5 used
in  t h i s  model i s  p ro b ab ly  a c o n s e rv a t iv e  e s t im a te .  The v a lu e s  o f
and K -_a_ , how ever, can n o t be e s ta b l i s h e d  from  fundam ental p r o p e r t i e s  and S1AB
r e q u ir e  e v a lu a t io n  by a somewhat d i f f e r e n t  r o u te .
8 .2  E v a lu a tio n s  o f K_T1., and and th e  C a lc u la t io n  o f  B ia sed
 —  b lM  ---------  b lA B  " ■ ■■■ ■ — .................  ■ ...............  —
R ev ers io n  and D eg rad a tio n  B ehaviour
A lthough i t  i s  d i f f i c u l t  to  e v a lu a te  th e s e  c o n s ta n ts  from  f i r s t  p r in c i p l e s
b ecau se  o f th e  specim en shape employed and th e  p o ly c r y s t a l l i n e  n a tu r e  o f
th e  a l lo y s ,  t h e i r  v a lu e s  can be o b ta in e d  by i t e r a t i v e l y  f i t t i n g  c a lc u la te d
b ia se d  r e v e r s io n  and d e g ra d a tio n  d a ta  to  e x p e rim e n ta l r e s u l t s .  By do ing
t h i s  a s e l f - c o n s i s t e n t  s e t  o f v a lu e s  f o r  K__ 'and  K .,..,, can be o b ta in e dSIM STAB
and used  in  subseq u en t c a lc u la t io n s .
8.21 E v a lu a tio n  o f K___.------------------------  SIM
To e v a lu a te  K i t  was assumed th a t  th e  d e g ra d a tio n  in  s h a p e - s t r a in  r e s u l t sO XI1
from s t a b i l i z a t i o n  o f th e  e f f e c t iv e  a 1 s h a p e - s t r a in  on each c y c le .  An i n i t i a l
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v a lu e  to  e n a b le  i t e r a t i v e  f i t t i n g  o f KgjM can th u s  be e s t im a te d  u s in g  
a s in g le  s e t  o f  d e g ra d a tio n  r e s u l t s  s in c e  th e  d e g ra d a tio n  p e r  c y c le  i s  
known, th e  b ia s  s t r e s s  d u rin g  th e se  c y c le s  can be deduced and v a lu e s  
can be a s s ig n e d  to  a l l  th e  o th e r  c o n s ta n ts .
The v a lu e  o f f o r  a 6 wt% Al a l lo y  was e v a lu a te d  u s in g  d a ta  fo r  an
a c tu a to r  c y c le d  betw een am bien t and 75 °C a g a in s t  a  b ia s  r a t e  o f
-1 . .7Nmm . The d e g ra d a tio n  d a ta  employed i s  shown m  T able 10. The d e g ra d a tio n
can be c o n s id e re d  as a  s e r i e s  o f  d e g ra d a tio n s  o v e r 10 c y c le  i n t e r v a l s  o f 
c o n s ta n t  b ia s  s t r e s s  and th e r e f o r e  c o n s ta n t  d e g ra d a tio n  r a t e .  Assuming 
cu m u la tiv e  d e g ra d a tio n , w ith  1/10 o f th e  t o t a l  inc rem en ted  change on 
each c y c le ,  t h i s  g iv e s  th e  d a ta  shown in  T ab le 11 f o r  th e  f i r s t  two
.b-h3''d e g ra d a tio n  in c re m e n ts . V alues o f  60 MPa f o r  
S ’ - h x 1'
^  0£ and 190 MPa f o r
w ere ta k e n  from  th e  l i t e r a t u r e  (66) fo r  th e  s t r e s s - th r e s h o ld s
-*75 °C
a t  to g e th e r  w ith  a s t r e s s  c o n c e n tra t io n  f a c t o r  o f 5 .
U sing th e  two s e t s  o f d a ta  shown in  T ab le 11, KgIM was e v a lu a te d  u s in g  
e q u a tio n  13 and an av erag e  v a lu e  was used  f o r  su b seq u en t e v a lu a t io n s :
K M = 1.14 x 10 ^ mm^ N SIM
8 .22  E v a lu a tio n  o f :---------------- STAB
S ince  th e  f a c to r s  c o n ta in e d  in  K g ^  & ^STAB 3X6 teiI1Pe r a tu r e  in d e p e n d e n t,
8“*"8 * 3 ’  *and th e  v a r i a t i o n  o f b o th  c and a w ith  te m p e ra tu re  i s  known, th e
v a lu e  o f can be c a lc u la te d  from  th e  e x p e r im e n ta lly  m easured d i f f e r e n c e
betw een u n b ia sed  and b ia s e d  d e f le c t io n / te m p e r a tu re  b eh av io u r u s in g  th e  v a lu e
o f Kc t -. c a lc u la te d  in  8 .2 1 . Using a 6 wt% Al a l l o y ,  was e v a lu a te d
S I M .  S T A B
u s in g  e q u a tio n  14.
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TABLE 10 -  DEGRADATION CHARACTERISTICS OF A 6 wt% A l  ALLOY
CYCLED TO 75 °C VS 7Nmnf1 BIAS RATE
N (C ycles) 1 10 20 50
5(75) (mm) 74 .4 70 .0 64 .4 62 .16  .
TMAX(MPa)
° ' 897 W
66.47 62.79 57.77 55 .76
2 1 0
TABLE 11 -  INPUT DATA FOR THE IN IT IA L  EVALUATION
OF KSIM
N (Increm en t) 1 + 10 1 0 -> 2 0
~MAX(M?a) 64.76 62.51
oDEGN/ cyCLE (mm) 0.063 0.040
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The e x p e rim e n ta l d a ta  r e q u ire d  f o r  t h i s  e v a lu a t io n  i s  c o n ta in e d  in
T ab le 12, a long  w ith  th e  v a lu e s  fo r  th e  o th e r  c o n s ta n ts ,  and th e
c a lc u la te d  v a lu e s  o f  K__ATJ. The av erag e  v a lu e  o f K__ATi used  in  l a t e r
b  1  ArS b  1 A U
c a l c u la t io n s  was:
S ta b  = ° - 096 ram3N' 1-
8 .23  C a lc u la t io n  o f th e  B iased  R ev e rs io n  and D eg rad a tio n  B ehaviour
U sing th e  v a lu e s  o b ta in e d  in  8.21 and 8 .2 2  as  a s t a r t i n g  p o in t ,  th e
c a lc u la te d  d e f le c t io n / te m p e r a tu re  b eh av io u r cou ld  th e n  be i t e r a t i v e ly -
f i t t e d  to  th e  e x p e rim e n ta l d a ta  to  o p tim ise  th e  v a lu e s  o f th e  c o n s ta n ts
Kn_.. and K__AT, .  T h is  was c a r r i e d  o u t f o r  a  6 wt% Al a l lo y  r e v e r te dSIM STAB J
-1a g a in s t  a  7Nmm b ia s  r a t e .  T h is  f i t t i n g  gave good agreem ent betw een
e x p e rim e n ta l and c a lc u la te d  d e g ra d a tio n  and d e f le c t io n / te m p e r a tu re
d a ta  (F ig u re  94) when K_TM = 1 .2  x 10 ^ mm^ N ^ and = 0 .095  mm^ N
b Ir l b 1 AiS
T his i t e r a t i v e  f i t t i n g  th u s  r e s u l t s  in  a s e t  o f s e l f - c o n s i s t e n t  e m p ir ic a l
c o n s ta n ts  e n a b lin g  th e  d e s c r ip t io n  o f  b o th  b ia s e d  r e v e r s io n  and c y c l in g -
CYCLEinduced d e g ra d a tio n  b eh av io u r in  a 6 wt% Al a l lo y  cy c led  to  T,,A„r = 75 °C.MAX
These v a lu e s  sh o u ld , how ever, rem ain  c o n s ta n t  w ith  r e s p e c t  to  te m p e ra tu re  
and th u s  th e  d e g ra d a tio n  b eh av io u r can a ls o  be c a lc u la te d  f o r  6 wt% Al a .llo y s  
c y c le d  a g a in s t  b ia s  to  a v a r i e ty  o f maximum c y c lin g  te m p e ra tu re s .  The 
r e s u l t s  from  a  s e r i e s  o f th e s e  c a lc u la t io n s  a r e  c o n ta in e d  in  T ab le  13 and 
p lo t te d  in  F ig u re  95 w here th e y  a re  compared w ith  th e  e x p e r im e n ta lly  
d e te rm in ed  r e s u l t s .
I t  i s  c l e a r  th a t  th e  model m atches th e  e a r ly ,  and most d r a s t i c  d e g ra d a tio n  
e f f e c t s  re a so n a b ly  w e l l ,  and th e  c a lc u la te d  r e s u l t s  v ary  c o n s i s t e n t ly  
w ith  maximum c y c lin g  te m p e ra tu re  in  a manner i d e n t i c a l  to  th e  e x p e r im e n ta l 
r e s u l t s .  However, u s in g  th e  s t r e s s - in d u c e d  m a r te n s i te  model a lo n e , a f t e r  
a few hundred th e rm al c y c le s  a p la te a u in g  o c c u rs ,  when th e  b ia s  s t r e s s  d rops
2 1 2
TABLE 12 -  INPUT DATA FOR THE EVALUATION OF KnrT1AT, ---------     STAB
Tz + AT 6(T )U/^ B-6 (T )B
(mm)
a
(MPa)
Cj
(MPa)
aBIAS
(MPa)
kstab
(mm3 N )
10 8 .5 20 190 109 0.095
15 7 .8 30 190 ,109 0.098
20 6 .6 40 190 109 0.095
25 5 .5 50 190 109 0.093
30 4 .9 60 190 109 0.099
2 1 3
14.0 -
12.0 -
10.0 -
—0 -  EXPERIMENTAL8.0
-X— CALCULATED
6.0  -
Ksim= 1 .2X 10-5 mm5 N"2 
Kstab /= 0 .095  mm3 N—1 
C=5
4.0 -
2.0 -
0.0
Tz + 15+ 10 +20 +30+5 + 25
T2+ aT(°C)
Fig. 94  Comparison of Calculated and Experimental 8/ T 
Behaviour for a 6 wt%AI Alloy Cycled vs
7 Nmm-1 Bias-rate
TABLE 13 -  CALCULATED DEGRADATION BEHAVIOUR FOR A 6 wt% A l
CYCLED VS 7Nmnf1 BIAS RATE TO VARIOUS TEMPERATURES
Maximum C ycling  T em perature
N Tz + 20 TZ + 3° Tz + 40
0 1.00 1.00 1.00
50 0 .78 0 .86 0 .92
100 0 .72 0 .82 0 .90
150 0 .69 0 .80 0 .89
200 0 .67 0 .78 0 .89
250 0 .66 0 .78 0 .88
300 0 .65 0 .77 0 .88
350 0 .65 0 .77 0 .88
400 0 .64 0 .77 0 .88
450 0 .64 0 .77 0 .88
500 0 .63 0 .77 0 .88
550 0 .63 0 .77 0 .88
600 0 .63 0 .77 0 .88
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Fig. 95 Comparison of Calculated and Experimental Degradation 
Behaviourfora6 wt%AI Alloy Cycled vs7 Nmm-1 Bias-rate
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below  a b ecau se  o f  th e  degraded  s t r e s s - s p e c tru m . However, in  th e
e x p e rim e n ta l d a ta  d e g ra d a tio n  c o n t in u e s ,  a lth o u g h  a t  a much reduced  r a t e .  
The SIM model m atches th e  e x p e rim e n ta l d a ta  v e ry  w e ll a t  low c y c l in g  
te m p e ra tu re s , b u t d e v ia te s  in c re a s in g ly  as th e  maximum c y c l in g  te m p e ra tu re  
i s  r a i s e d .  T h is  i s  i n d i c a t iv e  o f  a f u r t h e r  d e g ra d a tio n  p ro c e ss  w hich i s  
te m p e ra tu re  s e n s i t i v e ,  and i s  c o n s is te n t  w ith  th e  r e s u l t s  o f is o th e rm a l 
a n n e a lin g  of m a c ro sc o p ic a lly  degraded  specim ens w hich r e v e a ls  two 
d e g ra d a tio n  p ro c e s se s  one r e v e r s ib l e ,  and a sm a ll i r r e v e r s i b l e  p ro c e s s .
T h is  second p ro c e s s  can be m odelled  as a co n tin u o u s  p ro c e s s ,  c r e a t in g  a 
c o n s ta n t  d eg ree  o f  d e g ra d a tio n  ori each  th e rm al c y c le ,  th e  m agnitude o f  
w hich i s  te m p e ra tu re  s e n s i t i v e .  T h is i s  shown in  F ig u re  96 w here by- 
a d d i t io n  o f th e  SIM and secondary  p ro c e ss  m odels , f u l l  agreem ent can be  
o b ta in e d  betw een e x p e rim e n ta l and c a lc u la te d  r e s u l t s .
A f u r th e r  q u e s tio n  a r i s e s  h e re  as to  w h eth er t h i s  model w i l l  a d e q u a te ly
d e s c r ib e  th e  b ia s e d  r e v e r s io n  and c y c lin g - in d u c e d  b e h a v io u r in  o th e r
CuZnAl a l lo y s  w ith o u t th e  need f o r  e x te n s iv e  m o d if ic a t io n .  I t  i s  c l e a r
th a t  th e  model in  p r in c i p le  c o n ta in s  a c o m p o s itio n a lly  s e n s i t i v e  te rm  
$ f_Kx1Q as can be seen  from  F ig u re  26. To t e s t  w hether th e  v a r i a t i o n  o f
t h i s  term  a lo n e  w ith in  th e  model would acco u n t f o r  th e  d i f f e r e n c e  in  th e  
d e g ra d a tio n  b eh av io u r betw een d i f f e r e n t  CuZnAl a l lo y s ,  th e  d e g ra d a tio n
b eh av io u r was c a lc u la te d  f o r  a 7 wt% A l- a l lo y  u s in g  a new v a lu e  f o r
3 f > q * (3 > n *
cf = 240 MPa (<3 rem ains unchanged s in c e  th e  B-*3’ tra n s fo rm a tio n
th re s h o ld s  a re  n o t c o m p o s itio n a lly  s e n s i t i v e ) . The r e s u l t  o f  a c a l c u l a t i o n
u s in g  th e se  v a lu e s  i s  shown in  F ig u re  97. I t  i s  c l e a r  t h a t  th e  7 wt% Al
a l lo y  shows m a rg in a lly  l e s s  d e g ra d a tio n  th a n  th e  6 wt% A l, b u t th e
c a lc u la te d  d i f f e r e n c e  i s  on ly  s l i g h t  in  com parison  w ith  th a t  o b se rv ed
e x p e r im e n ta lly  (F ig u re  6 1 ) . S ince good agreem ent i s  o b ta in e d  betw een
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c a lc u la te d  and e x p e rim e n ta l r e s u l t s  f o r  th e  6 w t% Al a l lo y ,  th e  f a u l t  
in  th e  c a l c u la t io n  m ust l i e  w ith  th e  c a l c u la t io n  o f th e  7 wt% Al b e h a v io u r , 
i e  an in c o r r e c t  v a lu e  f o r  one o f th e  c o n s ta n ts  m ust have been  em ployed.
On c lo s e r  ex am ian tio n  o f th e  c o n s ta n t s ,  i t  i s  c l e a r  t h a t  KC_ AT) can n o tSTAB
be c o m p o s itio n a lly  s e n s i t i v e  s in c e  i t  d e s c r ib e s  th e  3^3’ t r a n s fo rm a tio n ,  
th e  b eh av io u r o f  w hich i s  in s e n s i t i v e  to  co m p o sitio n a l ch an g es. However, 
KSIM conta:’-Tls f a c to r s  d e s c r ib in g  th e  3 T-*aT tra n s fo rm a tio n ,,  p a r t i c u l a r l y  
r e l a t i n g  th e  s t r e s s  d i f f e r e n c e  (Co _ -  a ) to  th e  e f f e c t i v e  volumeJtJ lAb
f r a c t i o n  o f  a T. K____ m ust th e r e f o r e  c o n ta in  a term  r e ld te d  to  th e  s lo p e  SIM r
o f th e  3 ’-**1 p o r t io n  of th e  p s e u d o e la s t ic  s t r e s s - s t r a i n  c u rv e , w hich
d e s c r ib e s  th e  e a se  o f fo rm a tio n  o f a 1. I t  i s  c l e a r  from  th e  c o m p o s itio n a l
s e n s i t i v i t y  o f th e  t r a n s fo rm a tio n a l  s t r e s s - th r e s h o ld s  (F ig u re  26) t h a t
a T fo rm a tio n  i s  more d i f f i c u l t  in  h ig h e r  A l-c o n te n t a l lo y s  and th u s  i t  would
be ex p ec ted  th a t  th e  amount o f a ? induced  by a g iv en  s t r e s s  d i f f e r e n c e  w i l l
be sm a lle r  in  h ig h e r  A l-c o n te n t a l lo y s .  I f  th e  v a lu e  o f i s
reduced  to  acco u n t f o r  t h i s ,  w h i ls t  keep in g  th e  o th e r  c o n s ta n ts  th e  same,
a good f i t  to  th e  7 wt% Al ex p e rim e n ta l d a ta  i s  ach iev ed  w ith  K„_,, =SIM
—6 5 -25 x 10 mm N (F ig u re  98) . U sing t h i s  v a lu e  f o r  and w ith  K„_A_ =SIM STAB
3 - 10.095 mm N ( th e  same as th e  6 wt% Al a l lo y )  good agreem ent i s  a l s o  
r e ta in e d  betw een th e  c a lc u la te d  and observ ed  b ia s  r e v e r s io n  c h a r a c t e r i s t i c s  
(F ig u re  9 9 ) .
I t  th e r e f o r e  seems p o s s ib le  to  model th e  b ia s e d  r e v e r s io n ,  and c y c l in g -  
induced  d e g ra d a tio n  b eh av io u r in  CuZnAl RSM a c tu a to r s  by a s im p le  e m p ir ic a l  
model b ased  on th e  s t r e s s  s t a b i l i z a t i o n  o f 3 ' p redom inan t v a r i a n t s ,  
l o c a l i s e d  tw o -s ta g e  -SIM tr a n s fo rm a tio n ,  and a s m a ll ,  and a t  p r e s e n t  
u n id e n t i f i e d ,  b u t co n tin u o u s  secondary  d e g ra d a tio n  p ro c e s s .  The e m p ir ic a l  
c o n s ta n ts  d e s c r ib in g  s t r e s s - s t a b i l i z a t i o n  and SIM tr a n s fo rm a tio n  can be 
deduced from  experim en t and a re  indep en d en t o f te m p e ra tu re , a llo w in g  th e
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c a l c u la t io n  o f th e  f u l l  range  o f c y c l in g  phenomena from d a ta  c o l le c te d  
u n d er a s in g le  s e t  o f c y c l in g  c o n d i t io n s .  The s t r e s s - s t a b i l i z a t i o n  
c o n s ta n t  can  he used  f o r  a  ran g e  o f CuZnAl a l lo y s  as a r e s u l t
o f  th e  c o m p o sitio n a l i n s e n s i t i v i t y  o f th e  $-H3’ tr a n s fo rm a tio n ,  th u s  
a llo w in g  th e  easy  c a l c u la t io n  o f th e  b ia s e d  r e v e r s io n  b e h a v io u r o f a l l  
CuZnAl a l lo y s .  how ever, i s  c o m p o s itio n a lly  s e n s i t i v e ,  and th e
change in  w ith  co m p o sitio n  m ust be e v a lu a te d  b e fo re  c a l c u la t io n
o f th e  d e g ra d a tio n  b e h a v io u r o f d i f f e r e n c e  CuZnAl a l lo y s  can ta k e  p la c e .  
The change in  Kgj-^ w ith  co m p o sitio n  i s  c l e a r l y  r e l a t e d  to  th e  s t a b i l i t y  
o f  th e  a ’ m a r t e n s i t i c  phase which i s  a ls o  r e f l e c t e d  in  th e  change in  
t r a n s fo rm a tio n a l  s t r e s s - th r e s h o ld s  w ith  co m p o sitio n . W ith in  a l im i te d  
co m p o sitio n  ra n g e , th e  change in  w ith  co m p o sitio n  can be e m p ir ic a l ly
r e l a t e d  to  th e  t r a n s fo rm a tio n a l  th r e s h o ld s .  Thus:
KSIM Cwt%Al
KSIM x 26wt%Al
3 ’-hx’
a Cwt%Al a 6wt%AL
-  6wt%Al
ie  th e  change in  K gj^  w ith  com p o sitio n  can be p r e d ic te d  from  th e  c o m p o s itio n a l
s e n s i t i v i t y  o f  th e  3 ’-hx’ s t r e s s  th r e s h o ld .  T h is  g iv e s  a s a t i s f a c t o r y  r e s u l t ,
a lth o u g h  f o r  w id e r use  t h i s  may r e q u i r e  ’ f i n e - t u n in g ’ to  a c h ie v e  an
a c c u ra te  v a lu e  f o r  KL-.,.SIM
The e m p ir ic a l p a ram e te r  d e s c r ib in g  th e  seco n d ary  d e g ra d a tio n  p ro c e s s  i s  
te m p e ra tu re  s e n s i t i v e ,  b u t n o t h ig h ly  co m p o sitio n  s e n s i t i v e ,  and th u s  once 
e s ta b l i s h e d  f o r  d i f f e r e n t  maximum c y c lin g  c o n d i t io n s  i s  a p p l ic a b le  to  a 
range  o f CuZnAl a l lo y s .  U sing t h i s  model th e r e f o r e  a llo w s an a sse ssm e n t 
o f th e  s t a b i l i t y  o f th e  RSM s t r a i n  in  s p r in g - ty p e  a c tu a to r s  c y c le d  u n d er 
a v a r i e ty  o f c o n d itio n s  o f s t r e s s  and te m p e ra tu re , and a ls o  e s t a b l i s h e s  
th e  e f f e c t  of com p o sitio n  on t h i s  d e g ra d a tio n  phenomena.
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I t  i s  c l e a r  t h a t  to  overcome d e g ra d a tio n  in  RSM s t r a i n ,  th e  s e le c t io n o f  
a l t e r n a t i v e  a l lo y s  w ith  s i g n i f i c a n t l y  d i f f e r e n t  com po sitio n s  to  th o se  
employed a t  p re s e n t  w i l l  be r e q u ir e d .  To avo id  e x te n s iv e  e x p e r im e n ta tio n , 
how ever, m o d e llin g  o f  th e  ty p e  d e s c r ib e d  above i s  r e q u ire d  to  a s s e s s  th e  
b eh av io u r o f d i f f e r e n t  a l lo y s .  The m ajo r l i m i t a t i o n  o f t h i s  m o d e llin g  a t  
p r e s e n t  i s  th e  need f o r  e x p e r im e n ta lly  d e te rm in ed  s t r e s s / te m p e r a tu r e  
phase  diagram s f o r  th e  a l lo y s  (o f th e  ty p e  shown in  F ig u re  25) from  which 
th e  tr a n s fo rm a tio n a l  s t r e s s - th r e s h o ld s  can be o b ta in e d . I f  th e s e  co u ld  be 
c a lc u la te d  from  a v a i la b le  fundam ental p r o p e r t i e s  o f th e  a l lo y s ,  a more 
r a p id  a ssessm en t o f th e  s t a b i l i t y  of th e  RSM s t r a i n  in  system s co u ld  be 
c a r r i e d  o u t by th e  c a l c u la t io n  r o u te .  The fo llo w in g  c h a p te r  d e s c r ib e s  
an a tte m p t to  c a l c u la te  th e  s t r e s s / te m p e r a tu r e  p h ase  diagram s o f th e s e  
m a r te n s i t i c  a l lo y s  by a therm odynam ic t re a tm e n t o f th e  sy stem s.
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9 .0  T h e o re t ic a l  E s tim a tio n  o f th e  S tre s s - In d u c e d  T ran sfo rm a tio n  B ehaviour 
in  A lloy  Systems
The e x p e rim e n ta l work c o n ta in e d  in  C hap te rs  6 and 7 and th e  model developed  
in  C h ap te r 8 has shown t h a t  th e  phenomenon u n d e r ly in g  b o th  th e  b ia s e d  
t ra n s fo rm a tio n  and d e g ra d a tio n  b eh av io u r i s  a s t r e s s - in d u c e d  tra n s fo rm a tio n  
by e i t h e r  a s in g le - s t a g e  o r  tw o -s ta g e  p ro c e s s .  I t  i s  c l e a r  from  th e  
p re s e n t  work t h a t  th e r e  i s  a req u ire m en t f o r  new a l lo y s  which e x h ib i t  
g r e a te r  r e s i s t a n c e  to  tw o -s ta g e  t r a n s fo rm a tio n  ( to  i n h i b i t  a ’ fo rm a tio n ) 
b u t w hich a re  s t i l l  s u s c e p t ib le  to  ' t r a n s fo rm a tio n ,  a llo w in g  th e  f u l l  
ran g e  o f shape-memory phenomena to  be e x h ib i te d .
The m ost e f f e c t iv e  way to  a s s e s s  an a l lo y  sy stem ’ s s u s c e p t i b i l i t y  to  
s t r e s s - in d u c e d  phenomena i s  to  employ a s t r e s s / te m p e r a tu r e  phase  d iag ram  
of th e  ty p e  shown in  F ig u re s  21 and 25. A t p r e s e n t  th e s e  d iagram s have 
to  be d e te rm in ed  e x p e r im e n ta lly ,  r e q u i r in g  la rg e  numbers o f  t e n s i l e  t e s t s  
a t  subam bient and e le v a te d  te m p e ra tu re s . T h is  does n o t a llo w  a r a p id  
assessm en t o f th e  s u s c e p t i b i l i t y  o f a new a l lo y  to  s t r e s s - in d u c e d  
tr a n s fo rm a tio n .  A therm odynam ic tre a tm e n t has th e r e f o r e  been  employed 
w hich a lth o u g h  i t  s t i l l  depends on some e x p e rim e n ta l d a ta  to  e s t a b l i s h  
th e  u n d e rly in g  therm odynam ic p a ra m e te rs , a llo w s th e  c a l c u la t io n  o f  s t r e s s /  
te m p e ra tu re  phase  d iagram s w hich a re  in  re a s o n a b le  agreem ent w ith  th o s e  
o b ta in e d  e x p e r im e n ta lly .  The developm ent o f  t h i s  model i s  d e s c r ib e d  below .
9.1  The Model
I t  i s  c l e a r  th a t  to  a llo w  iso th e rm a l s t r e s s - in d u c e d  t r a n s fo rm a tio n ,  th e re  
m ust be an in t e r a c t io n  betw een th e  a p p lie d  s t r e s s  and b o th  th e  p a r e n t  and 
m a r te n s i t i c  p h a se s , which a l t e r s  t h e i r  r e l a t i v e  f r e e - e n e r g ie s  such  t h a t  a t  
some c r i t i c a l  le v e l  o f a p p l ie d  s t r e s s ,  a new phase  becomes more s t a b l e  
( i e  the  one w ith  th e  lo w est f r e e - e n e r g y ) . T h is i s  shown s c h e m a tic a lly  in
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F ig u re  100 and g iv e s  r i s e  to  a s e r i e s  o f s t r e s s - in d u c e d  tra n s fo rm a tio n s  
under is o th e rm a l c o n d it io n s  o f th e  ty p e :
p m^  + m2
on in c re a s in g  le v e l s  o f s t r e s s ,  w ith  two w e ll -d e f in e d  s t r e s s - th r e s h o ld s  
o f tr a n s fo rm a tio n  assum ing th e  tr a n s fo rm a tio n a l  h y s te r e s i s  abou t a Q i s  th e  j 
same f o r  b o th  t r a n s f o r m a t io n s .
The s t r e s s - in d u c e d  b e h a v io u r i s  th e r e f o r e  c o n t ro l le d  by two f a c to r s  ( i )  th e  
u n d e r ly in g  "ch em ica l"  therm odynam ic p a ram e te rs  o f  th e  p hases ( th e  e n th a lp ie s ,  
H and th e  e n t r o p ie s ,  S) and ( i i )  th e  i n t e r a c t i o n  betw een th e  a p p l ie d  
s t r e s s  and th e  therm odynam ics o f th e  sh e a r  tr a n s fo rm a tio n .  T h is can be 
ex p re sse d  more fo rm a lly  a s :
G ;[T ][d ]  = G ;[T ][a= 0] + G ;[a ]
Where:
G ;[T ][a ]  i s  th e  f re e -e n e rg y  o f  th e  phase a t  te m p e ra tu re  T, u n d er 
a p p l ie d  s t r e s s  G.
G ;[T ][g=0] i s  th e  f re e -e n e rg y  o f th e  phase a t  T, under no a p p l ie d  
s t r e s s .
G ;[g ] i s  th e  f re e -e n e rg y  due to  th e  in t e r a c t io n  o f  th e  a p p l ie d
s t r e s s  w ith  th e  tr a n s fo rm a tio n .
The m ost com prehensive a n a ly s is  o f t h i s  i n t e r a c t i o n  te rm  i s  t h a t  o f 
P a te l  and Cohen (35) who c o n s id e r  th a t  t h i s  i n t e r a c t io n  i s  such t h a t  th e  
f re e -e n e rg y  o f th e  system  i s  reduced  by th e  work done by th e  tr a n s fo rm a tio n  
s t r a i n s  Yq and e^ ,  and t h i s  fo rm u la tio n  i s  employed in  th e  p r e s e n t  
c a l c u la t io n .  E x p ress in g  t h i s  in  term s o f d r iv in g  fo rc e s  betw een p h a s e s :
p-»m p->m
AG; [T ] [cr] = & G ;[T ][a= 01  -  ( x r p *  +
p e r u n i t  volume
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Fig. 100 Schematic Diagram of the Effect of Applied Stress  
on the Free-energies of the Parent and
Martensitic Phases
W here:
t i s  th e  re s o lv e d  sh e a r  s t r e s s  on th e  h a b i t - p la n e .
Y p  i s  th e  t r a n s fo rm a tio n a l  s h e a r  s t r a i n  from  th e  p a re n t  p h a se , p ,
to  m a r t e n s i t i c  p h ase , m.
i s  th e  r e s o lv e d  s t r e s s  norm al to  th e  h a b i t - p la n e .
£p-»m t ^ e d i l a t i o n a l  s t r a i n  f o r  th e  tr a n s fo rm a tio n  from  p a re n t
p hase  to  m a r te n s i te .
R eso lv in g  th e  a p p lie d  s t r e s s  to  th e  h a b i t - p la n e ,  th e  i n t e r a c t i o n  te rm  
becom es:
p-*m i- p->m p->m
AG;[3] = -0.5<3 s in 2 0 co sa  ± (1+cos20)
p e r  u n i t  volume 
w here th e  a n g le s  0 and a a r e  d e f in e d  in  F ig u re  101.
I t  i s  c l e a r  from  T ab le  6 t h a t  th e  d i l a t i o n a l  s t r a i n s ,  a r e  sm all
(ap p ro x im a te ly  two o rd e rs  o f m agnitude sm a lle r  th a n  y^) and i t  i s  th e r e f o r e  
th e  sh e a r  s t r a i n  i n t e r a c t io n  w hich dom inates th e  s t r e s s - in d u c e d  
tr a n s fo rm a tio n .  The component can th e r e f o r e  be s a f e ly  ig n o re d . The
s t r e s s - i n t e r a c t i o n  te rm  i s  th e r e f o r e  la r g e ly  a fu n c t io n  o f  th e  t r a n s fo rm a t io n a l  
sh e a r  s t r a i n .
The so u rce  of th e  d i f f e r e n c e  in  m agnitude o f th e  s t r e s s - i n t e r a c t i o n  (w hich 
g iv e s  r i s e  to  th e  s t r e s s - in d u c e d  tra n s fo rm a tio n )  can th e r e f o r e  be c l e a r l y  
seen  by c o n s id e r in g  th e  tr a n s fo rm a tio n a l  sh e a r  s t r a i n s  r e l a t i v e  to  a 
c o n s ta n t  datum , eg 8 -p h ase . The sh e a r  s t r a i n s  f o r  tr a n s fo rm a tio n  from  8 
to  th e  m a r te n s i te  phases in c re a s e  in  th e  sequence y T, a* and th e
i n t e r a c t io n  te rm  f o r  a ’ i s  th e r e f o r e  g r e a t e r  th a n  th a t  f o r  8 ’ e t c .  Thus 
th e  sequence o f m a r te n s i te s  d u rin g  a s t r e s s - in d u c e d  t r a n s fo rm a tio n  w i l l  
be 8-*Y'-*-8’->af .
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The in t e r a c t io n  te rm  as i t  s ta n d s  i s  r e l a t i v e  to  u n i t  volum e. In  o rd e r  
to  combine i t  w ith  o th e r  therm odynam ic d a ta  t h i s  needs to  be ex p re ssed  
r e l a t i v e  to  gram -m oles o f  a l lo y .  Thus:
p->m
AG;[d] -  “ O.50Vm[Y Q sin20cosa].
w here Vm i s  th e  m olar volume o f th e  p h ases  ( s in c e  th e  volume change
a s s o c ia te d  w ith  th e  tr a n s fo rm a tio n  i s  sm all -  Vm  ^ = V111^ ) .m m  m
In  p r a c t i c e ,  d u rin g  tr a n s fo rm a tio n  a v a r i a n t  form s whose s h e a r  s t r a i n  
m axim ises t h i s  i n t e r a c t io n  and th i s  te rm  can be f u r th e r  s im p l i f ie d  s in c e  
a v a r i a n t  form s w hich r e s u l t s  in  cosa  b e in g  as c lo s e  a s  p o s s ib le  to  1.
T hus:
p*m
A G ;  [O'] -  -0 .5 < ? V mY Q C o s29
The v a lu e  o f 0 v a r i e s ,  depending on th e  m a r te n s i te  v a r i a n t  b e in g  c o n s id e re d .
The s t r e s s - in d u c e d  v a r i a n t s  a l l  have h a b i t s  w hich l i e  in  g roups o f  fo u r
around th e  s ix  {110}o p o le s ,  th u s  th e  e f f e c t  o f s t r e s s  o r i e n t a t i o n  on
p
th e  te rm  sin20  can be e s ta b l i s h e d  by a c o n s id e ra t io n  o f  th e s e  {110}o p o le s .
p
F ig u re  102 shows th e  e f f e c t  o f  th e  o r i e n t a t i o n  o f th e  a p p l ie d  s t r e s s  on 
th e  te rm  sin20  f o r  th r e e  h a b i t  ty p e s .  The s t r e s s - in d u c e d  v a r i a n t  i s  
t h a t  w hich m axim ises th e  i n t e r a c t io n  te rm , and i t  i s  c l e a r  f o r  F ig u re  102 
th a t  th e r e  i s  alw ays a v a r i a n t  w ith  s in20  -  1. The i n t e r a c t io n  te rm  can 
th e r e f o r e  be r e w r i t t e n :
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Thus o n ly  fo u r  s p e c i f i c  p a ram e te rs  a re  re q u ire d  f o r  a therm odynamic 
e v a lu a t io n  o f  a sy stem , AH*5"*111, AS**"*™, Yq" ^  and V . Once th e se  a re  known 
th e  b eh av io u r in  G/T/d space can be c a l c u la te d ,  and th e  e q u i l ib r iu m  p o in ts  
betw een th e  phases  deduced, e n a b lin g  th e  c o n s tr u c t io n  o f d'/T phase  d iag ram s.
9 .2  The C a lc u la t io n  o f S tre s s /T e m p e ra tu re  Phase Diagram s 
A lthough th e  d /T  d iagram s o f  m ost i n t e r e s t  in  th e  p r e s e n t  work a r e  th o s e  
f o r  CuZnAl a l lo y s ,  th e  m ost e x te n s iv e  l i t e r a t u r e  a v a i la b le  f o r  C u-based 
a l lo y s  i s  in  th e  CuAINi system , in  p a r t i c u l a r  a s in g le  a l lo y ,  C u-27.6  a t  
% Al -  3 .8  a t  % N i. However, s in c e  th e  v a lu e s  o f t r a n s fo rm a tio n a l  sh e a r  
s t r a i n s  and f r e e - e n e r g ie s  o f  tr a n s fo rm a tio n  a re  o f  th e  same o rd e r  in  a l l  
th e s e  th e rm o e la s t ic  C u-base sy stem s, many o f th e  p a ram e te rs  c a lc u la te d  
f o r  CuAINi can be employed to  a f i r s t  ap p ro x im atio n  f o r  CuZnAl.
The v a lu e s  fo r  th e  t r a n s fo rm a tio n a l  sh e a r  s t r a i n s  can be m easured 
e x p e r im e n ta lly  o r  e s tim a te d  from  phenom enological th e o ry , and ty p i c a l  
d a ta  i s  c o n ta in e d  in  T ab le  14.
U n fo r tu n a te ly  th e r e  i s  o n ly  l im i te d  therm odynam ic d a ta  a v a i la b le  f o r  th e  
re q u ire d  system s (CuZnAl A CuAINi) s in c e  th e  AH and AS o f tra n s fo rm a itio n  have 
n o t y e t  been  s y s te m a t ic a l ly  e v a lu a te d . T here i s ,  how ever, an a l t e r n a t i v e  
ro u te  to  a q u a n t i t a t iv e  e v a lu a t io n  o f G/T/cr s p a c e .
The e n tro p ie s  o f  t r a n s fo rm a tio n  (AS^*^11) a re  e a s i l y  o b ta in e d  from  a c o n s id e r a t io n  
o f th e  te m p e ra tu re  s e n s i t i v i t y  o f th e  t r a n s fo rm a tio n a l  s t r e s s - th r e s h o ld s  
o b ta in e d  from  e x p e r im e n ta lly  de term ined  d/T d iag ram s. T h is i s  done u s in g  
th e  C la u s iu s-C la p e y ro n  e q u a tio n :
\TABLE 14 -  COMPARISON OF TRANSFORMATION SHEAR PARAMETERS 
DERIVED FROM PHENOMENOLOGICAL THEORY AND EXPERIMENT 
FOR C u-27.6  a t  % Al -  3 .8  a t  % Ni
T ran sfo rm a tio n Yq From Phenom enological 
Theory (63)
Yq From E xperim ent 
(120)
3 +  y f 0 .096 -
3 -*■ 3 ’ 0 .168 0.085
Y' 3 ’ - 0 .056
3* -»■ a ’ - 0 .112
3" a T
s.
- 0 .145
2 3 3
T his  e q u a t io n , when used  w ith  e x p e r im e n ta lly  d e te rm in ed  sh e a r  c o n s ta n ts  
g iv e s  v a lu e s  f o r  th e  e n t ro p ie s  o f t r a n s fo rm a tio n  (T ab le  15,) in  g e n e ra l 
agreem ent w ith  th o se  quo ted  in  th e  l i t e r a t u r e .  The u se  o f th e  e q u a tio n  
in  t h i s  form , how ever, im p lie s  t h a t :
p-fm
AG[a] = CayP^V  u r n
w here C i s  a c o n s ta n t  and in  t h i s  case  eq u a l to  1. T h is  e q u a tio n  i s  s im i la r  
to  t h a t  d e r iv e d  from  th e  P a te l  and Cohen a n a ly s i s  (e q u a tio n  16) ex ce p t 
t h a t  in  th e  c a se  o f  t h e i r  e q u a tio n  C = 0 .5 .  T h is a p p a re n t anomaly shows 
t h a t  c a re  m ust be ta k e n  when u s in g  th e s e  e q u a t io n s ,  s in c e  e q u a t io n  16 i s  
based  on th e  u se  o f th e  phenom enolog ical sh e a rs  and e q u a tio n  18 on th o se  
e x p e r im e n ta lly  d e te rm in e d . The f a c to r  o f two d i f f e r e n c e  in  C i s  th e r e f o r e  
due to  th e  f a c t o r  o f two d if f e r e n c e  betw een c a lc u la te d  and m easured sh e a r  
c o n s ta n ts .  T h is  ap p ea rs  to  be a s s o c ia te d  w ith  th e  f a c t  t h a t  th e  specim en 
shape-changes used  to  e x p e r im e n ta lly  c a l c u la t e  a re  n o t th e  maximum 
p o s s ib le  t r a n s fo rm a tio n a l  s h e a rs  and a re  in s te a d  sm a lle r  re s o lv e d  s h e a r s .  
Thus i t  i s  im p o rta n t to  u se  th e  a p p ro p r ia te  v a lu e s  o f C f o r  th e  p a r t i c u l a r  
sh e a r  c o n s ta n ts  em ployed.
Thus th e  on ly  unknown v a lu e s  a re  th e  e n th a lp ie s  o f t r a n s fo rm a tio n ,  AH^"^. 
However, s in c e  th e r e  a re  e x p e r im e n ta lly  d e te rm in ed  cr/T p hase  d iagram s an 
i t e r a t i v e  f i t  o f  th e  therm odynam ically  d e r iv e d  d /T  d iag ram  to  th o s e  o b ta in e d  
e x p e r im e n ta lly  can  be c a r r i e d  o u t ,  by a l t e r i n g  th e  in p u t v a lu e s  o f  th e  
e n th a lp ie s  u n t i l  th e re  i s  good agreem ent betw een ( i )  th e  e x p e r im e n ta lly  
o b ta in e d  t r a n s fo rm a tio n a l  s t r e s s - th r e s h o ld s  -  p a r t i c u l a r l y  a t  t r i p l e  p o in ts  
on th e  o lT d iag ram , and ( i i )  th e  f re e -e n e rg y  d if f e r e n c e s  betw een th e  
m a r te n s i t i c  p hases a t  w e ll d e f in e d  te m p e ra tu re s  (d e r iv e d  from  . te n s i le  t e s t  
d a t a ) . T his i t e r a t i v e  f i t t i n g  p roduces v i r t u a l l y  u n iq u e  v a lu e s  f o r  th e  
e n th a lp y  d i f f e r e n c e s  betw een th e  p hases w hich can be checked a g a in s t  th e
2 3 4
TABLE 15 -  AS OF TRANSFORMATION FOR C uA IN i
CALCULATED FROM STRESS/STRAIN DATA
T ra n sfo rm a tio n  (MPaK AS(Jmol-----------------------------------d l   ;---——
l im i te d  d a ta  a v a i la b le  in  th e  l i t e r a t u r e .
F ig u re  103(a) (b) and (c) show c a lc u la te d  c o n s ta n t  s t r e s s  s e c t io n s  
th ro u g h  f r e e - e n e r g y / te m p e r a tu r e /s t r e s s  space  and F ig u re  103(d) th e  r e s u l t i n g  
d/T phase  d iagram  w hich can be c o n s tru c te d  from  th e  e q u i l ib r iu m  Tq p o in t s .
T his c a l c u la t io n  i s  in  g e n e ra l agreem ent w ith  t h a t  o b ta in e d  o v er th e  
l im i te d  te m p e ra tu re -ra n g e  e x p e r im e n ta lly  a c c e s s ib le ,  w ith  p a r t i c u l a r l y  
good m atch ing  o f th e  t r i p l e - p o i n t s  and th e  Ms . The in p u t d a ta  employed 
f o r  t h i s  f i t  i s  shown in  T ab le  >16. The acc u racy  o f  t h i s  in p u t  d a ta  can 
be checked by making sm all changes to  th o s e  v a lu e s  w hich r e s u l t  i n  la rg e  
in a c c u ra c ie s  in  th e  f i t t i n g  o f th e  e x p e rim e n ta l d/T d iag ram . The f r e e -  
energy  d if f e r e n c e s  betw een th e  phases c a lc u la te d  u s in g  t h i s  d a ta  a r e  a ls o  
in  good agreem ent w ith  th o se  o b ta in e d  e x p e r im e n ta lly  as  shown in  T ab le  17.
The v a lu e s  f o r  th e  e n th a lp ie s  o f tr a n s fo rm a tio n  d e r iv e d  from  t h i s  i t e r a t i v e  
f i t  a re  in  g e n e ra l agreem ent w ith  v a lu e s  f o r  AHP_>m quoted  in  th e  l i t e r a t u r e  
(T ab le  18).
I t  i s  c l e a r  t h a t  due to  th e  s i m i l a r i t y  o f  th e  s t r u c t u r a l  changes d u rin g  
m a r te n s i t i c  tr a n s fo rm a tio n  in  th e  d i f f e r e n t  C u-base system s and £q w i l l  
n o t change s i g n i f i c a n t l y .  Thus hav in g  once o b ta in e d  v a lu e s  f o r  th e  
fundam ental p a ra m e te rs  in  one C u-based th e rm o e la s t ic  m a r t e n s i t i c  sy stem , 
many o f th e se  p a ram e te rs  shou ld  rem ain  ap p ro x im a te ly  c o n s ta n t  in  o th e r  
C u-based a l lo y s ,  such as  CuZnAl.
A s im i la r  p ro c e ss  o f i t e r a t i v e  f i t t i n g  can th e r e f o r e  be em ployed f o r  CuZnAl, 
w hich h as  th e  added advan tage  th a t  th e  e f f e c t  o f chem ica l c o m p o sitio n  can 
be in v e s t ig a te d .  F ig u re  104 shows th e  c a lc u la te d  cr/T d iagram s f o r  a s e r i e s  
o f CuZnAl a l lo y s ,  and th e  a s s o c ia te d  v a lu e s  o f AH and AS em ployed in  th e  
c a lc u la t io n  a re  shown in  T ab le  19. T here i s  a g a in  agreem ent betw een c a lc u la te d
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TABLE 16 -  INPUT DATA FOR THE CALCULATED g/T 
PHASE DIAGRAM IN FIGURE 103(d)
—1 —1 —1T ran sfo rm a tio n  AH(Jmol ) AS(Jmol K )
-390 -1 .2 2
-300 -1 .3 0
-150 -1 .1 5
3 y ’ 
3 +  3 ' 
6 -»• a ’
0 .059
0.085
0.120
23 9
TABLE 17 -  COMPARISON OF MEASURED AND CALCULATED 
FREE ENERGY DIFFERENCES IN CuAINi AT 322K
C a lc u la te d  E x p erim en ta l
AGT=322K(Jm ol_1) 102 107
AGT=322K(Jm° r 1) 63 75
2 4 0
TABLE 18 -  TYPICAL LITERATURE VALUES FOR AH TRANSFORMATION
IN Cu-BASED ALLOYS
Cu-38% Zn -250
Cu-38% Zn 0.5% Mn -175
Cu-37% Zn 1% Mn -150 J
Cu-Zn -315
Cu-Al -170  -*• -270
CuZnAl -290
-514
G eneral V alues f o r  
Cu-Base T h e rm o e la s tic  
M a r te n s ite s  (Icom at 
Summer School)
-160  800
(119)
(28)
(44)
(94)
(30)
241
and e x p e r im e n ta lly  d e te rm in ed  diagram s when t h i s  therm odynam ic d a ta  i s  
em ployed, w ith  th e  in c re a s e  in  s t r e s s - th r e s h o ld  f o r  tr a n s fo rm a tio n  from  
ft1-**1 w ith  A l-c o n te n t rep ro d u ced  a c c u r a te ly ,  and w ith  good agreem ent 
betw een th e  c a lc u la te d  and experim ental! 3^81 th r e s h o ld .  C e r ta in  
m o d if ic a t io n s  a r e  r e q u ire d  in  com parison  w ith  CuAINi d a ta ,  and a ls o  
w i th in  th e  CuZnAl system  to  model th e  c o r r e c t  e f f e c t  o f  co m p o s itio n a l 
chan g es. The e n t ro p ie s  o f tr a n s fo rm a tio n  in  CuZnAl a r e  n o t s i g n i f i c a n t l y  
d i f f e r e n t  from  th o se  in  CuAINi, and f o r  m ost Cu.Z.nAl a l lo y s  a re  th e  same. 
Any d i f f e r e n c e s  w hich e x i s t  a r e  sm all and i t  i s  n o t c l e a r  w h eth er th e se  
r e f l e c t  t r u e  changes in  th e  therm odynam ics o f th e  system  o r  m ere ly  an 
a tte m p t to  model poor ex p e rim e n ta l d a ta .
The m ost s i g n i f i c a n t  d i f f e r e n c e  betw een CuAINi and CuZnAl i s  in  th e  
e n th a lp ie s  o f t r a n s fo rm a tio n .  I f  th e  v a lu e s  o f  e n th a lp ie s  in  T ab le s  16 
and 19 a re  com pared, i t  can  be  seen  t h a t  th e  f r e e - e n e r g ie s  o f th e  two 
m a r te n s i te  phases  a re  much c lo s e r  in  CuZnAl a l lo y s ,  p a r t i c u l a r l y  a t  low 
A l- c o n te n ts ,  th a n  in  th e  CuAINi system . T h is  i s  th e  u n d e r ly in g  therm o­
dynamic re a so n  f o r  th e  e a se  o f  s t r e s s - in d u c e d  tr a n s fo rm a tio n  to  a '  in  
CuZnAl a l lo y s  compared w ith  CuAINi. I t  i s  a ls o  c l e a r  t h a t  th e  in c re a s e  
in  th e  s t r e s s - th r e s h o ld  f o r  a 1 fo rm a tio n  w ith  in c re a s in g  A l-c o n te n t in  
CuZnAl a l lo y s  i s  n o t due to  a d e c re a s in g  s t a b i l i t y  of a ’ r e l a t i v e  to  8 , 
b u t due to  an in c re a s in g  s t a b i l i t y  o f  8 f w ith  A l-c o n te n t ,  w hich 
e f f e c t i v e l y  in c re a s e s  th e  d r iv in g  fo rc e  f o r  t r a n s fo rm a tio n  betw een 8* 
and a 1 .
I t  th e r e f o r e  seems p o s s ib le  v ia  t h i s  therm odynam ic fo rm alism  to  
q u a n t i t a t i v e l y  c a l c u la te  th e  s u s c e p t i b i l i t y  o f  any s p e c i f i c  a l lo y  to  
s t r e s s - in d u c e d  m a r te n s i t i c  tr a n s fo rm a tio n .  The fo rm alism  r e q u ir e d  to  
c a l c u la t e  th e  e f f e c t  o f s t r e s s  on th e  therm odynam ics o f  th e  t r a n s fo rm a tio n
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TABLE 19 ~  VALUES OF AH AND AS OF TRANSFORMATION
EMPLOYED IN  THE CALCULATION OF c /T  PHASE DIAGRAMS IN  FIGURE 1 0 4
A llo y  (%A1) AH (Jm oI~1) AS (Jmol 1K~1)
8 3 T 3 a 1 8 + 8 ’ 3 -»• a ’
4 -315 -260 -1 .2 1 -1 .0 6
7 -350 -260 -1 .3 0 -1 .1 7
8 -340 -270 -1 .3 0 -1 .1 7 5
10 -365 -265 -1 .3 0 -1 .1 7 5
12 -390 -292 -1 .3 5 -1 .1 7 5
15 -395 -285 -1 .4 5 -1 .3 5
16 -365 -272 -1 .4 5 -1 .3 5
The a l lo y  co m p o sitio n s  ( a t  %) r e l a t e  to  th o se  c o n ta in e d  in  r e f e r e n c e  (66)
W ith e /a  r a t i o s  from  1.40 to  1 .4 8 . Due to  la c k  of e x p e rim e n ta l e v id en ce  on
a l lo y s  o f f  t h i s  com p o sitio n  l i n e  in  th e  te rn a ry  CuZnAl phase d iag ram , i t  i s  n o t
a t  p re s e n t  p o s s ib le  to  id e n t i f y  w hether th e  above e f f e c t s  (and th o se  c o n ta in e d
in  F ig u re  104) a re  p u re ly  a fu n c tio n  o f Aluminium c o n te n t  o r  in s te a d  a fu n c t io n  
o f e / a  r a t i o .
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ap p ea rs  to  be a c c u ra te ,  however a t  p r e s e n t  e x p e rim e n ta l d a ta  i s  r e q u ir e d  
to  e s t a b l i s h  th e  "ch em ica l"  f re e -e n e rg y  com ponents of th e  t o t a l  f r e e -  
en e rg y . The approach  as i t  s ta n d s  i s  th e r e f o r e  u s e f u l  f o r  a n a ly s in g  
th e  u n d e r ly in g  therm odynam ics o f  a sy stem , and in  com paring th e  
therm odynam ics o f d i f f e r e n t  sy stem s, b u t i s  u n ab le  to  q u a n t i t a t i v e l y  
c a l c u la te  th e  b eh av io u r o f  a system  from  f i r s t  p r in c i p l e s .
The f r u i t i o n  o f t h i s  approach  th e r e f o r e  r e q u ir e s  th e  a b i l i t y  to  c a l c u la te  
th e  e n th a lp y  and en tro p y  d if f e r e n c e s  betw een th e  p h ases  in  m e ta s ta b le  
C u-based sy stem s. C o n s id e rab le  advances have been made in  th e  therm o­
dynamic c h a r a c te r i s a t io n  o f C u-based a l lo y s  in  r e c e n t  y e a r s ,  b u t th e s e  
a re  g e n e ra l ly  l im i te d  to  s im p le  p h a se s , u n lik e  th e  o rd e red  lo n g -p e r io d  
s ta c k in g  s t r u c tu r e s  ty p i c a l  o f th e  C u-base m a r te n s i te s .  U n t i l  t h i s  
therm odynam ic c h a r a c te r i s a t io n  has been  ex tended  to  th e s e  more complex 
s t r u c t u r e s ,  th e  therm odynam ic approach  to  s t r e s s - in d u c e d  m a r t e n s i t i c  
tr a n s fo rm a tio n  w i l l  be c o n s id e ra b ly  r e s t r i c t e d .
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CONCLUSIONS
1. T here i s  an in h e re n t ' i n s t a b i l i t y  in  a l l  RSM a l lo y s  w hich r e s u l t s
from  ag e in g  in  th e  m a r t e n s i t i c  s t a t e .  However, in  CuZnAl RSME-
tr a in e d  a c tu a to r s  t h i s  e f f e c t  i s  r e l a t i v e l y  sm all w ith  a maximum 
v a lu e  o f ~4 °C f o r  th e  s t a b i l i z a t i o n  o f  th e  te m p e ra tu re  o f  sh ap e - 
change i n i t i a t i o n  (T g ) .
2 . The r e v e r s io n  b eh av io u r o f  a b ia s e d  RSME a c tu a to r  i s  alw ays
a f f e c te d  by s t r e s s - in d u c e d  s t a b i l i z a t i o n  and t r a n s fo rm a tio n  o f
m a r te n s i te  v a r i a n t s ,  w hich i s  r e s p o n s ib le  f o r  b o th  th e  ex tended  
te m p e ra tu re  ran g e  o f r e v e r s io n ,  and th e  re d u c tio n  in  s t r a in  o u tp u t  
from  th e  a c tu a to r .
3 . The m ost s e v e re  d eg ra d a tio n  in  th e  RSM s t r a i n  i s  a s s o c ia te d  w ith  
th e  in tr o d u c tio n , v ia  a tw o -s ta g e  s tr e s s - in d u c e d  tra n sfo rm a tio n , 
o f  i r r e v e r t i b l e  a r m a r te n s ite s  w hich d eg rad e  th e  r e v e r s ib l e  sh a p e - 
s t r a i n  by d i s r u p t in g  th e  a c t iv e  3 ' m a r te n s i te  m orphology.
4 . In  a d d i t io n  to  s t r e s s - in d u c e d  d e g ra d a tio n  in  r e v e r s ib l e  s h a p e - s t r a in  
th e re  i s  a secondary deg ra d a tio n  p r o c e s s  w hich r e s u l t s  in  a s m a lle r  
d eg ree  o f  d e g ra d a tio n  b u t i s  co n tin u o u s  d u r in g  lo n g -te rm  c y l in g .  A t 
p re s e n t  th e  mechanism o f  t h i s  rem ains u n id e n t i f i e d ,  b u t th e  p ro c e s s  
shows a maximum c y c lin g  te m p e ra tu re  dependence and i s  p ro b a b ly  
a s s o c ia te d  w ith  th e  cu m u la tiv e  b u ild -u p  o f tr a n s fo rm a tio n - in d u c e d  
d i s lo c a t io n  d e b r i s .
5 . Both th e  d e g ra d a tio n  and b ia se d  r e v e r s io n  b eh av io u r o f  a RSME a c tu a to r  
can be d e s c r ib e d  by a sim ple  tw o -s ta g e  s tr e s s - in d u c e d  tra n sfo rm a tio n  
m odel, w hich e n a b le s  an a l lo y s  r e s i s t a n c e  to  d e g ra d a tio n  to  be 
e s ta b l i s h e d .
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6. The tra n sfo rm a tio n a l s t r e s s - th r e s h o ld  d a ta  r e q u ire d  f o r  m odelling  of 
th e  b ia s e d  r e v e r s io n  and d e g ra d a tio n  b e h a v io u r  can be deduced from  
th e  thermodynam ics o f  th e  m e ta s ta b le  3 and m a r te n s i t ic  ph ases  in  th e  
a l lo y  sy stem s.
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FURTHER WORK
I t  i s  c l e a r  from  th e  p r e s e n t  work t h a t  th e r e  a re  a number o f  s e r io u s  
i n s t a b i l i t i e s  in  th e  RSME w hich degrade th e  u se a b le  s h a p e - s t r a in  o f 
a c tu a to r s  d u rin g  o p e ra t io n .  An u n d e rs ta n d in g  o f  th e se  p ro c e s s e s  i s  on ly  
now becom ing p o s s ib le  and th e r e  i s  s t i l l  a la rg e  amount o f work r e q u ir e d  
to  f u l l y  c h a r a c te r i s e  them . A d e f i n i t i v e  c r y s ta l lo g r a p h ic  o b s e rv a tio n  
o f  a 1 as th e  so u rce  o f th e  m o rp h o lo g ica l d is r u p t io n  i s  s t i l l  r e q u ir e d ,  
as  i s  an i n v e s t ig a t io n  o f  th e  r o le  o f  th e  c y c l in g  induced  d i s lo c a t io n  
d e b r is  d u rin g  th e  d e g ra d a tio n  p ro c e s s .
L onger te rm , i t  i s  c l e a r  t h a t  th e  p re sen t. C u-base RSME a l lo y s  do n o t o f f e r  
g r e a t  hopes o f  overcom ing th e s e  p rob lem s. I n s te a d  new a l lo y s  a re  
re q u ire d  w hich do n o t e x h ib i t  th e s e  phenomena o r  m inim ise t h e i r  e f f e c t s .
To f in d  th e s e  system s w h i ls t  a v o id in g  e x te n s iv e  e x p e r im e n ta tio n , how ever, 
r e q u ir e s  a c a l c u la t io n  r o u te ,  and th e  p re s e n t  work has produced p re lim in a ry  
r e s u l t s  o f  a s im ple  c a l c u la t io n  ap p ro ach . These m odels, how ever, r e q u i r e  
an e x te n s io n  o f th e  therm odynamic d a ta  a v a i la b le  f o r  th e se  C u-base system s 
b e fo re  th e y  can become u s e f u l .  D ata f o r  b o th  th e  e q u i l ib r iu m  p h ases  and 
th e  m e ta s ta b le  $ and m a r te n s i t i c  phases  i s  r e q u ir e d ,  and w ith  t h i s  d a ta  
e x te n s iv e  m o d e llin g  o f  p o t e n t i a l  system s co u ld  be c a r r i e d  o u t w ith  th e  
u l t im a te  aim o f  d ev e lo p in g  new a l lo y s  r e s i s t a n t  to  th e s e  RSM d e g ra d a tio n  
phenomena.
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APPENDIX
* Page 67 . The m ain tenance o f th e  p a re n t  phase o rd e r  d u rin g  m a r te n s i te  
• re v e r s io n  in  p r a c t i c e  l i m i t s  th e  r e v e r s io n  to  two pathw ays. These p roduce
two p o s s ib le  o r ie n t a t i o n s  o f p a re n t  phase w hich a re  sy m m e trica lly  r e l a t e d ,  
one id e n t i c a l  to  th e  o r ig i n a l  3 -phase  o r i e n t a t i o n  and one w hich i s  n o t .
However, to  a llo w  100% shape-memory, as observed  e x p e r im e n ta lly ,  th e  r e v e r s io n  
m ust be l im i te d  to  th e  one r e v e r s io n  pathway w hich r e s to r e s  th e  o r ig i n a l  
bcc o r i e n t a t i o n .  T his i s  now b e l ie v e d  to  occur as a r e s u l t  o f th e  p re se n c e  
o f secondary  l a t t i c e  d e fe c ts  c re a te d  d u rin g  th e  fo rw ard , p a re n t-p h a s e  to  
m a r te n s i te ,  tr a n s fo rm a tio n .  These d e fe c ts  rem ain  in  th e  m a r te n s i te  fo llo w in g  
th e  fo rw ard  tra n s fo rm a tio n ,  and i f  r e v e r s io n  o ccu rs  by th e  pathway r e c r e a t in g  
th e  o r ig i n a l  3 -phase  o r i e n t a t i o n ,  th e s e  d e f e c ts  a r e  removed by th e  r e v e r s e  
tr a n s fo rm a tio n .  However, i f  r e v e r s io n  o ccu rs  by th e  second p o s s ib le  pathw ay, 
th e  d e fe c ts  a re  n o t a n n ih i la te d  and h ig h  energy  d e fe c ts  rem ain  in  th e  bcc 
p a re n t-p h a s e . T h is  a d d i t io n a l  c o n s t r a in t  c l e a r ly  l i m i t s  th e  r e v e r s io n  pathway 
to  th e  one w hich r e s to r e s  th e  o r ig in a l  3 -phase  o r i e n t a t i o n ,  s in c e  t h i s  c r e a te s  
a 3 -phase  w ith  low er f r e e -e n e rg y .
* Page 130. The ag e in g  a t  100 °C c l e a r ly  removes some o f th e  e y e lin g - in d u c e d  
d e g ra d a tio n . The re a so n  fo r  th e  rem oval o f on ly  90% o f t h i s  how ever, i s  due 
to  th e  n a tu re  o f th e  p ro lo n g ed  age in g  w hich b o th  r e v e r t s  th e  a ’ r e s p o n s ib le  
fo r  th e  d e g ra d a tio n  e f f e c t s  and ages u n re v e r te d  a '  . Thus th e  l a s t  a ’ to  r e v e r t  
i s  c o n tin u o u s ly  aged as th e  ag e in g  tim e in c r e a s e s ,  making i t  more r e s i s t a n t
to  r e v e r s io n .  C le a r ly  g r e a te r  r e s to r a t i o n  o f th e  RSM cou ld  th e r e f o r e  be 
o b ta in e d  by more ra p id  h e a t in g  to  h ig h e r  te m p e ra tu re s  w here th e  k i n e t i c s  o f 
th e  a ’ r e v e r s io n  w i l l  be more r a p id ,  w h i ls t  g iv in g  i n s u f f i c i e n t  tim e f o r  a 1 
s t a b i l i s a t i o n .
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* Page 134. The f r a c t i o n  o f m a r te n s i te  r e v e r te d  was c a lc u la te d  on th e  b a s is  of
a r u le  o f m ix tu re s  r e l a t io n s h ip  betw een th e  a l lo y  r e s i s t i v i t y  and th e  r e s i s t i v i t i e s  
o f th e  component p h a s e s :
PALLOY = VMART'PMART + ^1~VMART^*P3
R e la tio n s  o f t h i s  ty p e  u s u a l ly  h o ld  f o r  un ifo rm  d i s t r i b u t i o n s  o f p h a s e s , 
however in  th e  ca se  of more complex d i s t r i b u t i o n s ,  such as  th e  d i f f e r e n t  
r e v e r s io n  s t r u c tu r e s  e x i s t in g  a c ro s s  th e  s e c t io n  o f SME s p r in g s ,  more complex 
r e la t io n s h ip s  a re  o f te n  r e q u ir e d .  In  t h i s  case  how ever, b eca u se  th e  d i f f e r e n c e  
in  r e s i s t i v i t i e s  o f th e  m a r te n s i te  and 3- phase i s  s m a ll, as a f i r s t  ap p ro x im atio n  
i t  i s  p o s s ib le  to  use  th e  sim ple r u le  o f m ix tu re s  fo rm u la tio n .
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